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FOREWORD 

The seventh Annual Report of this  section should convey a n  idea of 

the continuing and vigorous progress of our scientific endeavors. The 

Section's activit ies belong to three general scientific areas - electron col- 

l is ions with molecules, photoabsorption and its consequences,  such a s  photo- 

electron emission , and pertinent theories. 

The central programmatic goal of the act ivi t ies ,  supported by DOE- 

DBER, is twofold. First ,  we generate cross-section data for electron and 

photon interactions required for detailed analyses  of radiation actions on 

matter, including biological substances.  The need for such analyses  a r i ses  

i n  the evaluation of health effects of nuclear fission and fusion technologies. 

Second, we study chemical physics of atmospheric -pollutant and related 

molecules, s o  a s  to provide some of the bas i c  spectroscopic information 

needed for modeling atmospheric chemistry. The motivation here is to  con- 

tribute to  the evaluation of environmental effects of non-nuclear energy tech- 

nologies. 

The bas i c  nature of our expertise implies the possibility of its appli- 

cation to  a wide variety of problems in  energy generation technologies a s  well. 

A c a s e  in  point is theoretical study on spectral  and collision properties of 

atomic ions ,  now supported by DOE-DMFE and DBES (see papers 33-41). 

Another program for studying electron collisions with molecules of MHD 

interest  has  been initiated. 

The articles in the  present volume are  loosely grouped and arranged 

according to  subjects  treated. Papers 1-6 chiefly concern oscillator-strength 

distributions; papers 7-17, photoionization, photoelectrons, and photofrag- 

mentation; papers 18 -3 2,  electron-molecule collisions and secondary electrons; 

papers 13-52, theoretical atomic and radiation physics; and finally papers 

53 -54, reviews of physical problems in radiation researcli. 

One of the notable accomplishments was  the initiation of the photo- 

electron spectroscopy of molecular cluster& (discussed in papers 8 -1 1) . This 

technique is  highly promising for studying electronic structure of molecular 

c lusters  in  much greater detail  than ever before. Apart from bas ic  scientific 



novelty, this development has significant programmatic importance insomuch 

a s  many of the chemical reactions of atmospheric pollutants occur in cluster 

phases .  

One of our strengths is close contact with numerous other research 

groups in  the world, a s  indicated by the papers in the present volume jointly 

authored with our friends. We take this  opportunity to  thank, collectively, a l l  

of our collaborators, too many t o  be listed individually. Furthermore, we have 

participated in a number of international activities. They include organizational 

work for the International Conference on the Physics of Electonic and Atomic 

Collisions (Paris 1977 and Kyoto 1979) , the report committee work for the 

International Commission on Radiation Units and Measurements (see paper 53), 
,1 

as wel l ' as  the editorial and other functions of the Radiation Research Society. 

The Workshop on Computational Methods for Atomic and Molecular Wavefunctions, 

organized by Y. -K. Kim in August 1977, was highly successful. 
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ELECTRON ENERGY-LOSS SPECTROSCOPY OF ATMOSPHERIC CONSTITUENTS 
AND POLLUTANTS* . . 

Russell H.  Huebner t 

Electron-scattering experiments have become a major tool in elucidat- 

ing the energy-absorbing properties of atoms and molecules. I t  is possible to  
1-3 

relate energy-loss intensit ies measured for small-angle scattering to  the 

oscil lator strength of the corresponding optically-induced transition. Thus, 

electron energy-loss spectra ,  properly corrected for the finite amount of 

momentum transferred in an electron-scattering experiment, 4 1  can  provide a 

data  base  for models of energy transfer between atmospheric consti tuents and 

pollutants. 

Apparent oscillator-strength distributions for a number of atmospheric 

molecules (e . SJ . , O2 , N 0, H 0, CH ) have been obtained by the small-angle 
6-8 2 2 4 

method . Comparisons of the electron impact derived values show good 

agreement ( 15%) with optical values generally considered reliable. These 

s tudies  have been broadened to  include pollutant vapors of common solvents 

and combustible liquids and aerosol propellants. The la t ter ,  namely the 

chlorofluoromethanes , are recognized a s  environmental pollutants capable of 

destroying stratospheric ozone by a photochemically-induced sequence of 

reactions.  Our studies detected errors in earlier optical resul ts  by  factors a s  

large a s  two to four for the two molecules of greatest  c0nce.m in this  regard. 
9 

Of a IrIore fundamental nature, however, is' the growing need for reliable 

oscillator-strength values for comparison with quantum chemical calculations.  

The higher theoretical accuracies now feasible for some of the simple diatomic, 

triatomic, and polyatomic molecules are  beginning to make comparisons of both 

* 
Abstract of an invited paper presented a t  the NATO Advanced Study Institute 
on Spectroscopy and Kinetics of Atmospheric Constituents,  ~ m b b a / ~ o l o m i t i ,  
I ta ly , .  March 13-26, 1977. 

t Since June 1977, Program Coordinator, Biomedical and Environmental Research 
Programs, Office of the Director, ANL. 



transit ion energies  and osci l la tor  strengths with experimental values  meaningful. 

For many molecules,  reliable oscillator-strength densi t ies  a re  still not 

ava i lab le ,  particularly i n  spectral  regions approaching and extending beyond 

the  f i rs t  ionization potential .  Electron energy-loss measurements provide an 

important way of studying this  spectral  region. 
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PERFORMANCE OF THE ELECTRON ENERGY-LOSS SPECTROMETER 

* 
H. Tanaka and R. H. ~ u e b n e r  t 

Performance characterist ics of the electron energy-loss spectrometer 
incorporating a new high-resolution hemispherical monochromator are  reported. 
The apparatus achieved an energy-resolution of 25 meV in the e l a s t i c  scattering 
mode, and angular distributions of e las t ical ly  scattered electrons were i n  
excellent agreement with previous workers. Preliminary energy-loss spectra 
for several  atmospheric g a s e s  demonstrate- the excellent versati l i ty and s tab le  
operation of the improved system. 

The Electron Energy-Loss Spectrometer (EELS) has  been modified with 

the design and construction of a high-resolution electron monochromator. 

Design detai1.s of the new hemispherical monochromator were reported pre- 
1 2 

viously.  This and other improvements have significantly increased the  per- 

formance and flexibility of t he  EELS system and have particularly enhanced i t s  

usefulness for studying atmospheric g a s e s  and pollutant vapors. 

Tests of the operating characterist ics of the modified EELS were begun 

early in  1977. Energy resolution was  the first  characterist ic studied. For this 

the resonance scattering mode w a s  selected because it could give a good 

measure of the effectiveness of the new monochromator. In this  mode, both 

the monochromator and analyzer are tuned to the same energy, and then the 

energies of both are  scanned together. With the monochromator and analyzer 

set for a scattering angle of 35 degrees only elast ical ly  scattered electrons 

a re  detected.  Figure 1 shows the well-known helium resonance a t  19.3 e V  

observed in  this  manner. A resolution of 25 meV can b e  estimated from the  

observed sharpness of the  rise between intensity minimum and maximum 

across  the  resonance, which is almost entirely due t o  the resolution of the 

monochromator. 

* 
Postdoctoral Appointee from Sophia University, Tokyo. 

h o w  Program coordinator for Biomedical and Environmental Research in  the  
Office of the Director, ANL. I 



Operation in  the resonance scattering mode a t  lower impact energies 

was  a l s o  tested. The low-energy resonance in N 2 is shown in Figure 2 .  Clear 

evidence of the  vibrational structure is observed in this spectrum for a scatter- 

ing angle of 3 S 0 .  The positions of the maxima and the overall shape of this 

resonant feature are in  excellent accord with previous measurements. Data 

accumulation time over the 4 eV range of this spectral 'feature was l e s s  than 

two minutes. 

l l l l l l l l l l l l l l l l t l l l l l l l l l l l l l l  

18.5 19.0 19.5 20.0 
INCIDENT ENERGY (eV)  

2 2 FIG. 1. --The ( l s 2 s  ) S resonance in 
helium a t  a 3 5  angle of observation. 
The energy width of 25 meV between 
minimum and maximum is a measure of 
the instrumental resolution due t o  the 
extreme sharpness of this  resonance 
feature. 
(ANL Neg. 149-78-92) 

ELECTRON ENERGY (eV) 

FIG. 2 .  --Energy dependence of the 
e las t ic  scattering of electrons a t  35' 
in  the region of the Zng negative 
ion state  of N2. Indicated positions 
of the vibrational structure 
(v=O-v '=O, l ,  2 , .  . .) were taken 
from observations reported in R e f .  3  . 
(ANL Neg, 149-78-91) 



Tests  were a l s o  made of the ability of the EELS t o  measure angular 
2 

distributions of scattered electrons.  A s  reported previously, extensive modi- 

fications of the magnetic shielding and. redesign of the collision region were .  

made to  improve the EELS measurements of angular distributions. Figures 3 ,  

4 ,  and 5 show angular distributions measured for electrons elast ical ly  sca t -  

tered from argon a t  incident energies of 20, 50, and 100 e V  and compare the 
4 

da ta  with the measurements of Williams and Willis. The energy resolution of 

the incident beam w a s  maintained at 56 meV FWHM throughout these  measure- 
-9 

ments . Nominally, the incident beam current was  10 ampere with an  estimated 

pressure of lo-' torr in the molecular beam. The EELS data were arbitrarily 

adjusted to  the cross-section value4 a t  a point between 20 and 40 degrees. 

No other correction was  applied. The c lose  agreement in  shapes of the three 

angular distributions demonstrated the  excellent control of stray magnetic and 

electri'c fields provided by the present design. Examination of the sharp 

minimum observed a t  66' in  Figure 4 indicates  that  the EELS angular resolution 

is somewhat greater than 3 " compared with'  1 . 5  obtained by Williams and 

Willis. 
4 

Preliminary electron energy-loss measurements have a l s o  been conducted 

for a variety of g a s e s  and operating conditions. Spectra for helium, argon, 

nitrogen, and sulfur hexafluoride were obtained and recorded in  digital  form, 

and these  data a re  being processed. Typical system energy resolutions of 

50 to 100 meV have been achieved for incident electron energies from to  20 

to  300 e V  and a variety of scattering angles.  

For oscillator-strength determinations by the small-angle method, 

. energy-loss spectra must b e  obtained for zero-angle scattering. Figure 6 

shows a typical energy-loss spectrum for argon obtained at a scattering angle 

of 0 O . In t h i s  spectrum, the scattering intensity (i . e. , total  counts per 

channel) is plotted v s .  the channel number, which is proportional to  the  amount 

of energy los t .  The incident energy for this  spectrum was  200 eV,  and the 

energy-loss range extends from 10 t o  50 eV.  A portion of the spectrum cor- 

responding to  the ionization continuum region between channel numbers 400 

and 500 was  examined in  more detai l .  Figure 7 shows the energy-loss spectrum 



Z + 
. . FIG. 3. --Comparison of the angular 

distribution of 2 0 e V  incident electrons 
e l a s  t ical ly  scattered from argon. 

V) 
0 

Our resul ts  (+) were adjusted. to  match 
a the  measurements (solid line) of R e f .  

4. 
(ANL Neg. 149-78-88) 
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W 
SCATTERING ANGLE (degrees) 

SCATTERING ANGLE (degrees) 

2- I 
lo- 0 2 0  4 0  6 0  8 0  1 d 0 . 1 ~ 0  140 

SCATTERING ANGLE (degrees) 

FIG. 4. --Comparison of the angular FIG. 5 .  --Comparison of the angular 
distribution of 5 0  e V  incident e lectmns distribution of 100 e V  incident electrons 
e las t ica l ly  scat tered from argon. e las t ica l ly  scattered from argone . 
(See Figure 3). (See Figure 3 ) .  
(ANL Neg. 149-78-87) (ANL Neg . 149 -7 8 -9 4) 



FIG. 6. --The electron energy lo s s  spectrum of argon for 200 e V  incident 
electrons observed a t  0'. (ANL Neg. 149-78-89) 

ENERGY LOSS (eV) 

FIG. 7.  --The autoionization resonances in  argon. These measurements were 
obtained for 200 e V  incident electrons and a O 0  scattering angle.  For better 
display the true zero-intensity leve l  is suppressed,  and the  data  have been 
smoothed three times by a three-point averaging routine. (ANL Neg. 149-78-90) 



of  argon in  the region from 23 t o  33 eV. Here the channel numbers have been 

converted to the  appropriate energy loss  sca le .  The number of electrons 

scattered a t  O 0  from the 200 eV incident beam were accumulated during 1000 

sweeps of the spectrum alternately for increasing and decreasing energy loss .  

The dwell time per channel per sweep was 50 m s  with a total spectrum, accumu- 

lation time of approximately 7.5 hr. The voltage increment per channel was 

9.33 mV between voltage sweep end points of 23.60 and 32.59 V a s  measured 

with a digital voltmeter. No other adjustment of the energy loss  sca le  was 

found necessary. 

The sharp maxima and minima observed in Figure 7 correspond to the 
6 1 6 1 

3s3p np( P) and 3s3p nd( D) autoionization states  in argon. The positions 
1 

of the sharp minima of the P autoionization series are in excellent agreement 
5 

with the photoabsorption measurements of Madden et al.  A collection of 
6-1U 

previous observations of the resonance structures are compared with the 
6 1 

present results in  Table 1. Only the 3s3p np( P) resonances are observed 
5 

i n  the photoabsorption measurements. The optically forbidden excitation 
1 

of the D s t a tes ,  however, hake been detected by electron impact techniques: 
6 7-9 

electron transmission, energy loss ,  and ej ected-electron spectra. 
11 

Calculations 
1 0 , l l  based on empirical data are a lso  given for comparison. 

Our results are in excellent agreement with both experimental. and calculated 

values and provide a more extensive observation of the higher-lying resonance 

structures . 
In summary~, performance o f  the modilied EEL3 system has bceil 

demonstrated i n  three modes of operation for a broad range of operating 

conditions. Preliminary new results have been obtained, and future research 

with the EELS system looks quite promising. 



TABLE 1. Comparison of Observed Autoionization Resonance Posit ions in Argon 

Autoionization state 
designat ion 

Feature 

minimum 

maximum 

minimum 

maximum 

minimum 

maximum 

minimum 

Ref. 5 

26.614 

R e f .  6 

26.60 

Observed Resonance Posit ion,  eV 
Ref. 7 R e f . 8  R e f . 9  R e f . 1 0  

26.72 26.62 26.63 - 

' a  - P r e s e n t  
Ref. 11 r e s u l k  

26-62 26.62 

6d (ID) maximum - - - 28.85 - (28.83) (28.79) . 28.83 

8p (IP) minimum 28.89 - - - - (28.86) 28.89 28; 89 

7d (ID) maximum - - - - - (28.94) (28.91) 28.94 

9~ (lp) maximum 28.98 - - - - - (28.96) 28.97 

8d (ID) maximum - - - - - (29.01) (28.99) 29.01 

-. 
%slues shown i n  parentheses  a r e  calcula ted values .  

- .  b . . 
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APPARENT OSCILLATOR STRENGTHS FOR MERCURY VAPOR 

*' * 
R. H. Huebner, R. J'. Celot ta ,  and S. R. Mielczarek 

Apparent oscil lator strengths for mercury vapor from electron energy- 
l o s s  measurements by the small-angle method. 

Energy-loss measurements for mercury show many interesting excita- 

tion phenomena commonly occurring in complex atomic systems. This system 
1-4 

has  been studied extensively by Lassettre and co-workers. We have 

obtained energy-loss spectra for mercury vapor for zero-angle scattering of 

100 e V  incident electrons.  These data  were analyzed t o  yield the  apparent 

osci l la tor  strength distribution shown in Figure 1. The analysis  'was carried 

FIG. 1. --Apparent oscillator-strength distribution for mercury vapor derived 
from 100 e V  incident electrons inelast ical ly  scattered within 20 milliradians 
of the  incident direction. The s ectrum was  normalized t o  yield a n  integrated P f value of 1.11 for the 6'p1 + 6 Sg transition (Ref. 2). 
(ANL Neg. 149-78-93) 

t Now Program Coordinator, Biomedical and Environmental R3search. Programs, 
Office of the Director, ANL. * 
National Bureau of Standards, Washington, D . C . 



5 
out  using the small-angle method described in  detai l  elsewhere.  The spectra 

1 
were normalized t o  yield a n  f value of 1.11 for the intense 6 P 

1 
1 - 6 S o  

transit ion observed a t  6.71 e V .  

The energy resolution of this  spectrum is 29 meV FWHM a s  is apparent 
3 1 

in  the very narrow widths of the transit ions to  the 6 PI (4.89 eV) and 6 PI 

(6.7 1 eV) s t a t e s .  Singlet-triplet transitions are fairly intense in the mercury 
1 

spectrum, even a t  higher impact energies,  owing t o  a breakdown of the AS = 0 

se lec t ion  rule through strong spin-orbit mixing in  this  heavy atom. However, 

the rigorous J =  0 --J = 0 select ion rule is a l so  violated under electron impact, 
1 1 

as can b e  seen  by the occurrence of the 7 S " 6 S transition in the spectrum 
0 0 .  

a t  7.926 eV. The variation of this transition with incident energy and scatter-  

ing angle will be d iscussed  later.  

The lowest  ionization potential of mercury is 10.42 eV.  A s  can readily 
1 1 be  seen  in Figure 1 ,  the energy 10s s peaks a t  9 .9  1 e V  (9 PI) , 10.06 e V  (1 0 PI) . 

1 1 1 
10.16 eV (11 PI) ,  10.22 e V  (12 P ~ ) ,  and 10.27 e V  (13 pl) belong to  a Rydberg 

se r i e s  converging smoothly to  this  ionization potential. Earlier members of 
1 1 

6 6  So the  n PI s e r i e s  occur at 6.70, 8.84, and 9.48 eV, corresponding t o  

n = 6 ,  7 ,  and 8. This se r ies  exhibits an  anomaly in intensi ty  and energy spacing 

between the n =  8 and 9 members. For a n  unperturbed se r i e s ,  . the energies of 

t he  Rydberg s t a t e s ,  E , are given by the  well-known Rydberg formula 
n 

where R is the  Rydberg energy (13.606 eV) , I is the ionization l imit ,  6 is the 

quantum defect ,  and n is an integer. The transition intensi t ies  are  expected 
6 

- 3 
t o  decrease  approximately a s  n . However, for the mercury spectrum, the 

1 1 1 1 
intensi ty  8 P -- 6 S transition is abnormally small ,  while the 9 P - 6 S 

1 0 1 1 1 0 
intensi ty  is nearly equal  to that  of the 7'P - 6's0 transition. Also, the energy 

1 1 
spacing between 8 P and 9 P differs markedly from that expected from the 

. 1  1 1 
Rydberg formula. Both of these  deviations a re  evidence of the opening of a 

new channel of excitation in the region between 8 and 9 eV. Shenstone and 
b 

Russell  f i rs t  explained such perturbation a s  being due t o  configuration 



TABLE 1. Apparent Oscillator Strengths for Mercury Vapor 

Observed peak Oscillator strength determined by electron impact Excited s t a t e  
designation energy, eC' Present work R e f .  1 (T= 300 eV) ' R e f s .  2 and 3 (extrapolation) 

a .  Corrected for contributions from underlying continuum and other transitions a s  discussed in  Ref. 3 . 
b.. Present results normalized to this value. 



interaction between se r i e s  members and a foreign term of the same parity and 
10 

J va lue .  For mercury, the perturbing term i n  the 5d 6s. np sei ies:  i s - the  
1 9 2 

6p'; P (5d 6s  6p) s t a t e  a t  9.77 eV. 
1 

Just  above the  ionization potential of mercury the energy-loss spectrum 

shows a broad smooth maximum a t  about 11 eV superimposed on the ionization 
3 1 

continuum. This was  f i rs t  assigned to the 6p' P - 6 So transition by  an 

ana lys is  of optical data  b y  ~ e u t l e r . ~  The extreme broadness of th is  s ta te  is 

indicat ive of a very short lifetime due to a strong interaction between this 

discrete  level  and the ionization continuum, i. e .  , the excited s ta te  decays 

s g ~ n t a n e o u s l y  into the available ionization channel. Coupling between the 

d iscre te  s ta te  and the continuum s t a t e s  of the same energy is a form of con- 

figuration interaction and in general is governed by  the same selective rules 

tha t  apply to the mixing of discrete s ta tes .  

A comparison of the integrated oscil lator strengths for transitions ob- 
1-4 

served below 200 V with values determined by Lassettre and co-workers 

is given in Table I .  Consistent results a re  obtained for a l l  allowed transitions. 
1 1 

However, our f values for optically forbidden transit ions to  the 7 S and 8 S 
0 0 

s t a t e s  a re  nonzero. This can be  understood by taking into account the finite 

va lues  of momentum transfer (Ka ) actually included by the  apparatus. Previous 
0 

measurements of the generalized oscil lator strength (GOS) for these  transitions 

exhibi t  a maximum a t  small momentum transfer [(Ka ) 2  = lo-'] followed by a 
0 

sharp decline to  the optical limit of zero. Under the cu~ldlkicsns of our meaoure- 
2 ment the  values of momentum transfer included correspond t o  about (Ka ) = 

-2 
0 

10 in  the region of sharp %decline. Thus the small-angle method yields 

apparent f values for these  optically forbidden transitions. The values we 

have determined actual ly  correspond to  a "mean" GOS value appropriate to  

the range of momentum transfer included by the apparatus. 
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THE OSCILLATOR-STRENGTH DISTRIBUTION OF WATER. A COMPARISON OF 
NEW PHOTOABSORPTION AND ELECTRON ENERGY-LOSS MEASUREMENTS * 

J. C. Person, R. H. Huebner, R. 7.. Celotta,  and S. R. Mielczirek 

New measurements of the electron energy-loss (EEL) spectrum of 

water  have been made using electrons with an  incident energy of T= 100 eV, 

and the data have been converted into values of the differential oscil lator 

strength df/dE. These relative d f / d ~  values a re  compared with photoabsorption 

d a t a ,  including new measurements for excitation energies E from 13 to  21 eV. 

The EEL spectra were measured using the NBS model AN-1 electron- 

impact spectrometer112 with an energy resolution of 25 meV (FWHM) for 

incident electrons scattered within 0.02 radians of the incident direction. The 

d a t a  were corrected for dead time in  the counting circuitry, and repeated scans  

were averaged to remove effects due to pressure and electron-beam fluctuations. 

Conversion of the EEL spectrum into df/dE values requires a correction 

for  8 ,  the acceptance angle of the apparatus,  and if F' , the derivation of df/dE 

with respect t o  the square of the momentum transfer,  is known, one can 
3-5 

improve the data  conversion procedure previously used by including a 

second term to give 

1 2 2 
where X = 4T 8 (1 - E/T) /E~ ,  A = (E2/4~T) [X/ln(l +X)] [F1/'(df/dEj] (1 - ~/'l')-' , 
I is the  intensity i n  the EEL spectrum, and R = 13.6  eV. In order to make a 

-1 rea l i s t ic  estimate of the magnitude of the (1 +A) correction term, we have 
6 used ~' /(df/dE) values reported by Backx e t  a l .  on methane, which is ' iso- 

- 1 
electronic with water. The (1 +A) factor is shown in the upper portion of 

Figure 1. This factor is a correction to  the earlier procedure, but the variation 

of this  factor over a range of only 10% suggests  that neglecting this term does 

* .  
Summary of a paper presented a t  the Xth Int. Conf. on the Physics of 
Electronic and Atomic Coll is ions,  Paris,  July 1977. 
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FIG. 1. --(Upper) The correction factor in  Eq. 1. (Lower) The oscil lator 
strength distribution . . . 

no t  ser iously alter the resul ts .  
7 The photon data were measured using the ANL double-ion chamber and 

a calibrated Baratron pressure meter; a small correction w a s  made for the  

effects  of scattered light. The new results a re  in  good agreement with those  
8 

reported by Katayama, et a l . ,  and they are  shown on Figure 1 a s  a dashed 
9 l ine  for E =  13 to 20 eV. Photon data from Watanabe and Zelikoff a re  shown 

as a dashed l ine for E = 6.7  to  11.6 eV. The solid l ine represents the EEL 

da ta  converted using Eq. 1 after normalization t o  the new photon resul ts  a t  

14.2 eV. The EEL data  agree with the  photon data  within * 12% over the  wide 

energy range shnwn with excellent agreement from 8 t o  11 eV; additional 

experiments to  test the effects of increasing T are  in  progress. 
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.ABSORPTION CROSS SECTIONS AT HIGH ENERGIES. NEOPENTANE FROM 10 TO 
21 eVAND ETHANE FROM 22 TO 54 ev* 

James C. Person and Paul P. Nicole 

A s  part of a program to  determine accurate oscillator-strength distribu- 

t ions ,  we a re  measuring absorption cmss sect ions a over a wide range of photon 

energy E. Here we report a values  for ethane from 2 2.2 t o  53.7 eV,  together 

with a values  for 2 ,2  -dimethyl propane (neopentane) from 10.4 to  2 1 . I  eV, 

and we a l so  d iscuss  our method of correcting for scattered light. 

The absorption c ross  sect ions for neopentane are  shown in  Figure 1. 
1 

The relative values  reported by Koch e t  a l .  do not agree very well. Figure 2 

is a n  enlargement of the 15  to  18 e V  region, showing the Rydberg series for 

the ionization of the  2aA electron. We find the limit t o  b e  17.64 0.01 eV, 
I 2 

compared with earlier values of 17.60 e V  and 17.68 eV. Each Rydberg level  

shows three t o  s i x  members of a vibrational progression with a spacing of 0.17 

eV, which is assigned1 t o  the totally symmetric C-H bending mode; the 

members of this  se r ies  for the n =  3 to  9 Rydberg leve ls  a re  shown as ticks on 

Figure 2 .  We have f i t  the  Beutler-Fano line' profiles using the parameterization 
3 

of Shore, and the dashed l ines  that show the f i t  of four leve ls  from 15.2 t o  

15.7 e V  and the f i t  of s i x  levels  from 16 .3  5 to  17.02 e V  f i t  t he  data s o  well  

tha t  they are  almost indistinguishable in  Figure 2. These f i t s  indicate auto- 
14 - 1 13 -1 

ionization rates  around 10 sec for n =  3 and 3 t o  5 x 10  sec for 

n = 4  and 5. 

The a values for ethane, shown in Figure 3 ,  show a lack of significant 
4 

s tmcture  from 2 2  to  50 eV. The values  reported by Lee e t  a l .  agree within 

* 10% from 23 t o  44 eV,  but their values  a re  1 2 %  lower around 22 e V  and 17% 

higher near 54 eV, as shown by  the dashed l ine in  Figure 3.  However, the  

va lues  reported by Koch and Skibowski for E < 35 eV are 8 to  35% lower, as 

* 
Summary of a paper presented a t  the  Vth International Conference on Vacuum- 
Ultraviolet Radiation Physics ,  Montpellier, France, September 5-9, 1977. 
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FIG. 1. --Absorption cross  
sect ions for neopentane 
[ C ( C H ~ ) ~ ]  . (1 ~ b = 1 0 - l ~  
cm2). ---- ~ o c h  et al. I 
(normalized); - present results.  

FIG. 2 .  --Rydberg ser ies  i n  
neopentane. The bars show 
the  n = 3 to 9 Rydberg l eve l s ,  
and the t icks show the  vibra- 
tional progression in  the 
symmetrical C-H bend. 

FIG. 3 .  --Absorption cross  
sect ions for ethane [C2H6 . 
- 

2. m schoen6; --- Lee et al. , 
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+++ present resul ts .  
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6 
shown by the  solid curve. The two values reported by Schoen are  3 and 9% 

lower than' ours. 

We used a double ion chamber t o  determine a from the ratio of the ion 

currents,  i and i in  the front and rear ion chambers. The ethane data  were 
F R ' 

taken using a low-pres sure spark in argon a s '  a Iight source, and Figure 4a 

shows the photon f lux  We made a preliminary correction for scattered light by 

measuring the  ion currents, a and b ,  produced with the monochromator se t  at 

an energy above the emission limit of the lamp. We allowed for the  variation 

in  the scattered light a s  E is changed by introducing a parameter c s o  that a is 

determined from the corrected .ion current ratio ( i  - a - c) / ( iR - b) . The c F 
parameter is adjusted a t  emission peaks by a least-squares fitting procedure 

tha t  minimizes the variation in a a s  the light intensity changes. Figure 4b 

shows the a ,  b ,  and c correction for three different experiments with ethane. 

A s  Figure 4 shows, the values of a ,  b ,  and c are  small in comparison with the 

total  photon flux for most of the emission peaks at energies below 44 eV. 

22 26 30 34 38 42 4 6  50 54 

ENERGY (eV) 

FIG. 4. --a, Photon flux for 
ethane experiments; b ,  correcti 
factors for scattered light for 
three experiments in ethane. 
---- a; .... b; - c. 
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THE OSCILLATOR-STRENGTH DISTRIBUTION OF NEOPENTANE FROM 1 0.4 TO 
2 1 . 1  e V  

* 
James C. Person, David Fowler, and Paul P. Nicole 

Experimental data on the oscillator-strength distribution of 2,2-di- 
methyl propane (neopentane) are tabulated for energies from 10.44 t o  21.13 
e V .  

In th i s  report we tabulate our experimental resul ts  on the oscillator- 

strength distribution of 2 , 2  -dimethyl propane (neopentane) . We have measured 

the absorption c ross  section, 0, using monochromatic light t o  define the 

excitation energy E . Figures illustrating a v s  . E a re  given elsewhere,  along 

with detai ls  of the measurement, We have converted the o values into 

values  of t he  differential oscil lator strength, d f / d ~ ,  using d f / d ~  = 0.009 11 16 
-18 2 a. for a in  Mb (1 Mb= 10 c m  ) and d f / d ~  in  units of (ell)-'. 

The c ross  sect ions were measured using a double ion chamber and 

electrometers.  The g a s  pressure w a s  measured using an MKS Baratron Type 
1 77H-1 capacit ive manometer that we calibrated with an oi l  manometer. The 

Baratron calibration by MKS Instruments gave pressure readings 0.7% greater 

than our calibration. We used our calibration and assume the uncertainty in  

the  gas density measurement to  be about 1%. The uncertainty in the  ion- 

chamber length is a l s o  about 1%) and the uncertainty in df/dE a s  a resul t  of 

the electrometer calibration is estimated t o  be  1 to  2%. We did not recognize 

any  effects a s  being produced by impurity absorption, and we  believe impurities 

contributed less than 1% of the absorption. Small corrections were made for 

scattered l ight,  and we  estimate the uncertainty in this correction to  contribute 

1 t o  3% uncertainty i n  d f / d ~ .  The precision of the data  is about 0.2 to  0.4%, 

s o  that  the overall accuracy of the data should be  better than 5 to  8%. 

The monochromator bandpass for E < 13.2 e V  w a s  0.045 nm (ca. 0.005 

eV), and it w a s  0.09 nm (ca.  0.02 eV) for higher energies.  The data given in  

Table 1 represent averages of three energies centered about the energy reported, 
- * 
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TABLE 1. The Oscillator-Strength Distribution of Neopentane 



TABLE 1. (contd. ) 



TABLE 1 . (contd . ) 

E , ~ V  . d f / d ~ ,  l /eV . E , ~ V  df/dE, l/eV E , e V  df/dE, 1/eV E , e V  d f /dE, l / eV 



s o  that  there is some distortion of the  structure of the  autoionizing peaks in  

the energy range from 15 to  18 eV. 
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PHOTOIONIZATION OF N~ AT HIGH RESOLUTION* 

t P. M. Dehmer and W. A. Chupka 

The relative photoionization c ross  section for N a t  78OK has  been'  
2 

measured a t  high resolution (0.016-0.035 ) from the ionization threshold to 
0 

650 A. The data a re  shown in Figure 1 ,  and the prominent autoionizing Rydberg 
2 + 2 2 + 

states converging. to  the X. C , v = 1, .  the A g , and tlie B C .electronic 
g u u + 

states of N are  indicated in the figure. Figure 2 shows the region between 2 + 2 +  
the  ionization threshold and the N X C g ,  v = 1 convergence limits i n  greater 

2 
de ta i l ,  and a t  higher resolution (0.016 i ) .  In this  region both vibrational and 

electronic  autoionization is observed, with electronic autoionization greatly 

predominating. Rotational structure is paflally resolved fur d 11uli1lser of un- 

identified autoionizing s t a t e s  i n  th i s  energy range. The observed halfwidths 
- 1 

of  t h e s e  rotational l ines  of < 1 c m  yield autoionization rates  k (= 2 r r c ~ v )  
11 -1 < 1 .9  x 10 sec , somewhat smaller than the rates calculated by Duzy and 

1 Berry for s t a t e s  i n  this  energy region. In general ,  the calculated rates  of 
+ 2 + 

Duzy and Berry a re  consis tent  with observations above the N X C , v = 1 
2 g 

convergence limit. Further work is currently in  progress on the analysis  of 

th i s  spectrum, with emphasis on the identification of the bands near the ion- 

' ization threshold, and the competition between autoionization and other decay 

pa ths  such as predis sociation. 
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resolution of 0.01 6 A in the energy region near the ionization threshold. 
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PHOTOELECTRON SPECTROSCOPY OF THE RARE GAS DIMEHS Ar,, Kr, , AND 

P. M. Dehmer and J. L. Dehmer 

~ u l l i k e n '  ha s  d i scussed  the potential  energy curves and angular 

momentum coupling schemes for the rare g a s  (Rg) dimers and their ions .  He 
1 + 2 2 

showed that  the dimer ions  formed from Rg( S ) + Rg ( P3 or  P I )  have a bound 0 - - 
2 2 

ground s t a t e  and five excited s t a t e s ,  a l l  of which a re  predicted to  be  
z u  

repulsive with only a small polarization minimum a t  large R (internuclear 

distance) ' .  At small R ,  a molecular orbi.ta1 description of the excited s t a t e s  is 
9 9 
L L 

appropriate and the s t a t e s  a re ,  in  order of increas ing  energy, ntg, nL , 
2 2 2 + 2 9  
n , n1 , and C . A t  large R, the s t a t e s  are  labeled according to  c a s e  
3' 2 u z g  

c (rather than c a s e  a or b) coupling rules ,  and their ordering may b e  different, 
1 

but must he  consis tent  with the appropriate noncrossing rules .  The ground 
1 + 2 

s t a t e  and first  three excited s ta tes  given above d issoc ia te  t o  Rg ( S ) + Rg ( .p3) , 0 - 
1 + 2 2 

and  the remaining two excited s t a t e s  dissociate  t o  Rg( S ) + Rg ( PI ) .  In the  
0 - 

2 

present  experiments, we have examined these  dimer ion s t a t e s  using the 

technique of photoelectron spectroscopy. New information is obtained for t he  

potential  energy curves of the ionic s t a t e s  a t  large R ,  corresponding approxi- 

mately to R of the neutral ground s ta te .  
e 

The apparatus cons is t s  of a supersonic molecular beam source which 

produces the  weakly bound rare gas  dimers in  combination with a 'high resolu- 

t ion hemispherical photoelectron spectrometer. The nozzle source,  which is 
2 

similar in concept t o  that  described by Smalley e t  a l . ,  produced beams of 

approximately 1 percent dimer containing minimal concentrations of heavier 

c lus te rs .  Under typical  operating conditions,  the tip of the nozzle was  located 

approximately 2 t o  3 mm below the centerl ine of the photon beam, which was  

used  t o  photoionize the target gas .  The ejected photoelectrons were energy 

analyzed using a rotatable hemispherical photoelectron spectrometer, which 

incorporated 5.1 cm mean-radius copper hemispheres. The detai ls  of the 

* 
Summary of two papers to be published in  J.  Chem. Phys. 
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analyzer  and the hollow cathode lamp used to  produce the He I 584 1 ionizing 

radiation have been given previously. In this experiment, photoelectrons 

were sampled a t  90' relative to the incident light beam in order to maximize 

the counting rate .  With - 0.05 cm diameter entrance and exit  apertures on the 

analyzer, '  and a photoelectron analysis  energy of 2 eV, the observed photo- 

electron resolution was  17 meV. The resolution degraded to approximately 

20 meV during day-long runs owing to contact-potential drifts. 
5 

Van Deursen and Reuss have shown in  a mass spectrometric investi-  

gation of cluster formation in supersonic expansions that there is a limiting 

nozzle  stagnation pressure,  P Below which only dirners art, l u r . ~ ~ ~ e c l  w l l l ~  
L ' 

negligible contamination from heavier clusters . In studies of supersonic 

expansibn of Ne,  Ar, H 2 '  N2  , and 02, using a 26 pm diameter nozzle ,  they 

found that  the value of P is given approximately by 
L 

where y and R a re ,  respectively,  the well  depth in ergs and the equilibrium 
e 

internuclear dis tance in cm of the neutral dimer ground s t a t e ,  y is the 

specif ic  heat capacity ratio of the bulk g a s ,  d is the nozzle diameter in cm, 

T is the  nozzle stagnation temperature in  K, k is the Boltzmann constant,  
0 

and P is the maximum nozzle stagnation pressure for pure dimer production 
L 

i n  torr. For rare g a s e s  (y = 5/3) a t  298 K ,  E q .  1 reduces to  

-. 1 0 
where E and R a re  now in the more convenient units of cm and A ,  respectively, 

and d is in micrometers. One further correction factor should be  added for 

calculations involving stagnation temperatures near room temperature, where 

van Deursen and Reuss found that E q .  1 overestimates P For example, for 
L ' 

Ar a t  294 OK, Eq. 1 yields a value for P of 2400 torr, while the observed range 
L 

o f  P was 1600 to 2300 torr. Thus, 'for rare g a s e s  a t  room temperature, an 
L 



additional multiplicative factor of 0 .8  should be  incorporated in  E q .  1. 

Table 1 gives  the values  of Re and D for the  rare g a s  dimers,  and the  va lues  
e 

of P and d used in  the  present experiments. The combinations of nozzle s i z e  
L 

and optimum stagnation pressure were chosen s o  a s  t o  keep the pressure in  
-4 

the  main vacuum chamber l e s s  than 1 x 10 torr in  each  experiment. 

Figures 1-3 show the photoelectron spectra of Ar2, Kr2, and X e 2 ,  

respectively,  taken with the supersonic nozzle  conditions l is ted in  Table 1. 

For comparison, each  figure a l so  shows the spectrum of the  appropriate atomic 

rare g a s  taken with a n  effusive source. The effusive spectra show that the  

peak shape obtained with this  apparatus is excel lent ,  with practically no  

distortion o r  tai l ing,  even a t  the  1 percent level .  The dimer ion photoelectron 

peaks a re  labeled 1 through 6 .  For a given spectrum, the peak labeled 1 

refers t o  transit ions from the ground s t a t e  of the neutral dimer t o  the ground 

s t a t e  of the dimer ion,  while the  peaks labeled 2 to  6 refer t o  transit ions to  

the  five excited s t a t e s  of the dimer ion,  respectively.  In several  cases, diiner 

ion transit ions a re  not observed because  they a re  obscured by the much more 

in tense  atomic transit ions.  

I t  is interesting to  note that ,  in each  c a s e ,  there is no  discernable 

increase  in  photoelectron s ignal  a t  the  ionization threshold (indicated b y  the  

TABLE 1. Estimate of Maximum Stagnation Pressure (P ) for Pure Dimer 
Production L 

0 

System Re (A) P from 
L P used i n  

L 
Eq. l',, torr present  

a 
experiments,  

torr 

a. The actual  va lue  of PL used i n  the  present  experiments is r 0 . 8  times 
the value calculated from E q .  1 ' .  See  the text  for de ta i l s .  

b .  Ref. 6 .  
c .  R e f .  7. 
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FIG. 1. --Photoelectron spectra of argon from an effusive source (top fiame) 
and from a supersonic source (lower frame), both taken with He I 584 A radia- 
tion and a photoelectron resolution of -20 meV. (ANL Neg . 149-77-395 R4v. l) 
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FIG. 2 .  --Photoelectron spectra of krypton from an effusive source (top frame) 
and from a supersonic source (lower frame), both taken with He I 584 1( radia- 
tion and a photoelectron resolution of -20 meV. (ANL Neg. 149-77-396 Rev. l) 



FIG. 3.  --Photoelectron spectra of xenon. from an  effusive source (top pame) 
and from a supersonic~source  (lower frame), both taken with He I 584 A radia- 
tion and a photoelectron r'esolution of -20 meV. 
(ANL Neg. 149-77-397 Rev. 1) 



a 
TABLE 2. Ionization Potentials and Dissociation Energies for Rare G a s  Dimer Ions 

Peak s ta teC Adiabatic Vertical Do Adiabatic Vertical Do Adiabatic Vertical 
IP I P I P IP IP IP Do 

a .  All values  a re  given in eV; errors a re  estimated a t  *0.015 eV. 
b.  Peak numbers refer to Figures 1 t o  3 .  2 .  
c. The a signments are  based on the calculations of W. R. ~ a d t , '  which show a curve crossing between the  I3 n l  3 and C n 3  s t a t e s  a t  small R ,  thus altering the ordering given by Mulliken. . 

r 9 

d. Ref. 10.  2 u 

e. Ref. 11. 
f .  Ref. 12. 
g . Purely repulsive s t a t e  in the  Franck-Condon region. 



arrow in  Figures 1-3). These rare g a s  dimers provide excellent examples of 

Franck-Condon distributions greatly shifted from the adiabatic ionization 

potent ia ls  a s  a resul t  of the displacements in  R values between the upper e 
and lower electronic s t a t e s .  The average value of the displacement in  potential 

1 + + 2 +  
energy curves between the Rg2 X Z and Rg A Z s t a t e s  for a l l  the rare g a s e s  

- 0  g 2 xu 
studied in  th i s  work is 1.23 A.  O This resul ts  in Franck-Condon distributions 

which a re  shifted from the  adiabatic ionization potentials by a s  much a s  1 .0  eV.  

Dissociation energies of the excited s t a t e s  of the dimer ions can be  

calculated from the relation 

where IP(Rg ) and IP(R ) refer,  respectively,  t o  the adiabatic ionization potential 
2 g "I. 

of the excited s t a t e  of the  Rg, in  question and the' ionization potential of atomic 
+ 2 2 

G 

Rg. The Rg P3 - or  PI - ionization potential is used ,  depending on whether the 
2 2 1 + 2 1 + 2 

R ~ +  state d i s soc ia t e s  t o  Rg( So) + Rg ( PI)  or  Rg( So) + Rg ( PL). Table 2 
2 - 

2 2 

g ives  the vertical  and adiabatic ionization potentials for the s t a t e s  observed 

i n  the present  experiments. The dissociation energy of these s t a t e s  is a l s o  

included. There is very good agreement between the present experimental 

resu l t s  and recent theoretical calculations of Wadt. 
9 
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PHOTOELECTRON SPECTROSCOPY OF CLUSTER SPECIES-A GAS-PHASE 
TECHNIQUE FOR STUDYING MACROMOLECULAR SPECIES* 

P. M.  Dehmer and J .  L. Dehmer 

An-investigation was  made of the photoelectron spectra of xenon 

c lus te rs ,  using an  apparatus which combines a supersonic molecular beam 

source with a hemispherical photoelectron spectrometer. The exact  mass 

distribution of the clusters  i.s unknown, s ince the apparatus does not include 

provision for mass analysis;  nevertheless,  the present experiments show 

qualitatively how the photoelectron spectrum chanqes as the averase cluster 

s i z e  is increased. 

Data were taken with a 10 pm supersonic molecular beam source using 

three nozzle stagnation pressures between 1.70 atm and 6.76 atm,  The 

spectra  were measured with a hemispherical photoelectron spectrometer 

described previously. With a 3 eV photoelectron analysis  energy, the 

resolution of the apparatus was 27 meV. The results are given in Figure 1, 

along with an effusive spectrum shown for comparison. Photoelectron peaks 

resulting from weak impurity l ines  in the light source are  identified on the 

effusive spectrum. The small asymmetric peak labeled with a question mark 

is due to  photoelectrons from the ~ e +  2 ~ 3  - ionic s ta te  photoionized by several 
2 

weak impurity l ines .  An analogous peak due to  photoelectrons from the 

~ e "  2 ~ ,  - ionic s t a t e  is a l s o  observed, but does not fall  within the energy range 
2 

of Figure 1. 

The spectrum taken a t  1.70 atm is roughly comparable to  the dimer 

spectrum, with only small .amounts of contamination from heavier 'clusters. 
3 

Three dimer peaks a re  clearly visible in this  spectrum and have maxima a t  

11.85 eV, 12.02 eV, and 13.31 eV. A fourth dimer peak is observed a t  higher 

resolution and has  a maAmum a t  12.21 eV. These dimer peaks pers i s t  a s  the 

stagnation pressure is increased to  3.34 atm; however, new, very broad 

features-are a l s o  observed a t  lower ionization potentials and are  associated 
-- p- 

* 
Excerpt from a paper to  appear in J .  Chem. Phys. 
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FIG. 1. --Photoelectron spectra of xenon from an  effusive source (top frame) 
and from a supersonic sgurce with a 10 pm diameter nozzle (lower frames), 
all taken with He I 584 A radiation and a photoelectron resolution of - 27 meV. 
The nozzle stagnation pressures are indicated in  the figure. 
(ANL Neg: 149-77-349) 



with both the  upper and lower dissociation l imits.  These features,  which are 

due  t o  a distribution of heavier c lus te rs ,  'monotonically tend toward even lower 

ionization potentials a s  the stagnation pressure is increased further. This is 

clear ly  seen by  comparing the spectra taken a t  3.34 atm and 6.76 atm, which 
, ' 

a l s o  show tha t  the dimer peaks decrease in intensi ty  relative t o  the cluster 

peaks a s  the stagnation pressure is increased. The "ionization .potentialu of 

solid X e  (more properly termed the threshold energy for photoemission), is 

9 . 7  t o  9 .8  eV, 415 
a s  compared to the ionization potential for X e  of 11.127 eV.  

6 
2 

The highest pressure spectrum in Figure 1 has a threshold energy of < 10.5 eV, 

which already is considerably below the ionization potential of the dimer. 

While these  experiments are preliminary, more refined experiments, 

which benefit from mass ana lys i s ,  promise to provide a wealth of information 

on  the energy-level structure of cluster spec ies  which are  in the transition 

region between the g a s  and solid phases .  
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1 + 
FRANCK-CONDON FACTOR CALCULATIONS FOR THE X C - A' Z: IONIZING 

g z u 
TRANSITION IN THE RARE GAS DIMERS AND POTENTIAL ENERGY CURVES FOR 

P. M.  Dehmer 

The rare gas  (Rg) dimers Ar 2 '  Kr2 
, and X e  have values of R (equi- 

2 e 
librium internuclear dis tance of the neutral dimer ground s ta te)  which are 

0 

typically 1 . 2  A larger than those of the corresponding dimer ion ground states. 

This means that the  Franck-Condon distributions for the respective 
1 + 2 + X C , v" = 0 -, A C1 , v' ionizing transitions will peak a t  very large values  

9 i u  
of v '  , and that  the distributions will have no discernible intensity for small 

values  ,of v '  . A s  part of the analysis  of our rare g a s  dimer photoelectron 
1 

spec t ra ,  Franck -Condon factor calculations were performed for th i s  transition 

for each  system to  determine a s  accurately a s  possible the position and the 

shape of the Franck-Condon distributions. These calculations were an aid in  

ass igning the ground s ta te  photoelectron peak,  s ince  the Franck-Condon 

distributions peak nearly 1 e V  from the adiabat ic  ionization potential for each 

rare g a s  dimer. Small changes in  the assumed potential energy curves for the 

upper and lower electronic s t a t e s  can change the positions of the maxima by 

more than 0 . 1  eV.  

In the first  s e t  of calculat ions,  Morse potentials were used to  describe 

the  upper and lower electronic s t a t e s ,  and the vibrational wavefunctions were 

determined by numerical integration of the schr6dinger equation. Using th i s  

simplified description of the potential energy curves,  the only parameters 

required for the calculations are  Re, De , and w for the upper and lower e 
electronic s t a t e s ,  and the vibrational temperature of the neutral dimer formed 

in the supersonic expansion. The values  of R , D , and w for the  rare g a s  e e e 
dimer ions a re  summarized in  Table 1. 

In order to  determine the vibrational distribution of the rare gas  dimer 

* 
Excerpt from a paper to be published in 7 .  Che111. Phjis. 



TABLE 1. Morse  Potential  Parameters 

-1 -1 a 
S t a t e  Re &I Do (eV) De (ev) a e (cm 1 o e x e (cm ) 

- - - -- . - -- 
- - - - , . , . 

2 
a. o x = (ae )/(4 De) . e e 
b.  Ref. 2. 

c. Ref. 3. 

d.  Ref. 4 
+ 

e .  D ~ ( R ~ ~ )  = IP(Rg) + DO (Rg2) - 1P(Rg2) where 

IP(Ar2) = 14.4404 e V  (Ref. 5) .  

IP(Kr ) = 12.8655 e V  (Ref. 6 ) ,  
2 

IP(Xe ) = 1 1 . 1 2 7  e V  (Ref. 7 ) ,  
2 

IP(Ar) - 15.7597 cV 
IF(Kr) - 13.9990 e V  Rcf. 8 ,  
IP(Xe)= 12.1300 e V  

f .  D = D +Zero Point Ertergy 
. e O  

1 
E D + ( $ a e - ' a  X 

0 e e 
g .  Ref. 9 .  

h. Ref. 10 .  

i. . Ref. 11. 

molecules formed in  the supersonic expansion, it is necessary to  estimate the 

vibrational temperature of the beam. In a study of supersonic expansions of 
1 2  

a lkal i  atom beams, Gordon e t  a l .  found that  50 percent or more of the  con- 

densation energy (i. e. , D ) appears a s  vibrational excitation of the alkali 
0 

dimer; however, a lkal i  dimers have very large hea ts  of condensation and large 

vibrational energy spacings compared to  the  van der Waals molecules studied 

here. A better comparison would be  with the work of Srnalley e t  a1. l 3  on the 



fluorescence excitation spectrum of the NaAr van der Waals molecule, which 

was  formed in a supersonic expansion. They found that  the  transition from 

v" = 0 of the ground s t a t e  to  v' = 8 of the first  excited s t a t e  was  a factor of 3.7 

more intense than the corresponding transition from v" = 1 of the ground s t a t e  
- 1 

(see Table 1 of Ref .  13 ,  Bands 7 and 8).  Using their  value of 11.26 cm for 

the  vibrational energy spacing and Franck-Condon factors of 0.11 1 and 0.094 

for transitions from the v"  = 1 and 0 leve ls  to the upper s t a t e ,  respectively, 
14 

th i s  intensity ratio yields a vibrational temperature of l l ° K ,  which is a factor 

of 5 .5  greater than the stated rotational temperature of 2 * 1°K, and is approxi- 
-1 

mately 24 percent of the dissociation energy, D = 32.4 cm . The actual value 
0 

of the dissociation energy may be somewhat larger than th i s ,  l5 s o  that perhaps 

20 percent o r  less of the condensation energy appears a s  vibrational excitation 

of the dimer in experiments involving van der Waals molecules. For the present 

calculations using Morse potentials,  t he  vibrational temperature was  taken t o  

be  25'K for Ar 3S°K for Kr2 , and 50°K for X e 2 .  These values a re  approximately 
2 

7 to 10 times the respective rotational temperatures, and are  probably upper 

l imits to the vibrational temperatures. 

The calculated Franck-Condon distributions a re  shown in.Figure 1 a s  

the curves labeled b ,  and are  superimposed on the  actual  rare g a s  dimer photo- 
2 electron spectra.  These spectra a re  shown in  the  region of the  atomic P3 - 

2 

photoelectron peak only. The broad photoelectron peaks with maxima a t  

15.45 e V  in  the Ar spectrum, 13.77 e V  in  the Kr2 spectrum, and 11.8 5 e V  i n  
2 

the X e  spectrum are  now known to  be  due to  transitions from the ground s t a t e  
2 

of the  dimer to  the excited vibrational leve ls  of the dimer ion ground s ta te .  
1 

As is seen  from Figure 1,  the Franck-Condon distributions for th i s  transition 

calculated using Morse potentials a r e  too low in energy by a t  l e a s t  0 .1  eV.  

They are  a l so  too broad; however, this  can be corrected by lowering the 

estimated vibrational temperature. In order to  shift  the distributions to  higher 

ionization energy, the values  of R for the  dimer must be decreased by approxi- 
e 

mately 0.2 (this assumes that the R of the neutral dimers a re  well  known). 
e 

0 + + + 
While a shift  in  Re of 0.2 A is possible  for X e 2  , the R values  of Ar and Kr 

, e 2 2 
should be much more accurately known from calculations.  

45 



1 + + 
FIG. 1. --Calculated Franck-Condon distributions for the Rg X E Rge A . 2  s 
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The error in these  calculations resul ts  from the failure of the Morse 

function to  adequately represent the dimer ion ground s tate  potentials a t  large 

R.  Hence, an attempt was  made to  construct more accurate potentials for 
1 6  

t hese  s t a t e s ,  based on the calculated potentials of Wadt. Wadt 's  potentials 

cannot be used directly s ince they are  known to have incorrect dissociation 

energies; however, they should have better shapes than the Morse potential. 

The difference in shapes is shown in Figure 2 ,  which gives the reduced 
+ + 

potential energy curves for Xe The curves for X e  are  representative of those 
2 ' 2 

for a l l  the rare g a s  dimers. Wadt's potentials a re  more repulsive a t  large R 

than the Morse potential, and this is exactly what is required to  shift the 

Franck-Condon distribution to higher energy and hence to bring it into align- 

ment with the observed peak in the photoelectron spectrum. Numerical 

potentials were generated based on Wadt's ,potentials (calculated with spin- 

orbit interaction) by scaling the reduced potentials using the values of D in e 
Table 1. The values of R were assumed to be the same a s  those calculated 

e 
by Wadt. The vibrational temperature of the supersonic beam was varied 

until a good f i t  was  obtained to  the data .  In a l l  c a s e s  the final value of the 

vibrational temperature was approximately 15 O K ,  l7 which is considerably 

lower than the estimated values.  This may b e  due to  residual errors in the 

potential energy curves,  or  to  a failure of the Boltzmann distribution to  

represent the  actual  distribution of vibrational levels  in  the beam. The final 

Franck-Condon distributions are shown in Figure 1 a s  the curves labeled a .  

There is excellent agreement for Ar and Kr using the potential parameters 
2 2 + 

given above. For the  X e  transition, the value of R for Xe has  to be de- 
n 2 e Z 

creased to  3.17 A in  order to obtain the good fit t o  the data shown in  Figure 1. 

The small decrease in R from the calculated value is in agreement with Wadt's 

expectation. 
18 

We conclude frura these  calculations that great care must be taken 

when using trial potentials in c a s e s  in  which the results are  sensi t ive to  the 

long-range part of the potential. While the  Morse function is an excellent 

approximation to  the true potential near  R , it can deviate from the true potential 
e 

by as much a s  1 0  percent of D a t  large K. e 



FIG. 2. --Reduced potent ia l  
energy curves  for  t he  ground state 
of  el. The sol id  and  dashed  
curves  a r e  Wadt' s theoret ica l  
potent ia ls  ca lcu la ted  wi th  and 
without spin-orbit in teract ion,  
r espec t ive ly ,  and  the  dash-dot 
curve  is t he  Morse  potent ia l  
with the  parameters given i n  
Table 1. 
(ANL Neg. 149-77-534) 
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ON THE USE OF A SUPERSONIC MOLECULAR BEAM SOURCE FOR THE STUDY OF 
HIGH-RESOLUTION PHOTOELECTRON SPECTRA 

P. M .  Dehmer and J .  L. Dehmer 

The factors limiting resolution in a photoelectron spectroscopy experi- 
ment a re  discussed.  We show that a supersonic molecular beam source can 
aid in  high resolution by reducing the rotational and vibrational temperature 
and the Doppler broadening of the target gas .  

Attempts to  measure the high resolution photoelectron spectra of mole- 

cu le s  are nearly always limited by the rotational, vibrational, and Doppler 
1 

broadening of the target gas .  Samson has  shown that the Doppler broadening 

of a photoelectron peak is given by 

where M is the mass of the target g a s  in  amu, T is the temperature of the g a s  

in  O K ,  and E is the energy of the ejected photoelectron in eV. In general,  

very light target g a s e s  will experience the largest  Doppler broadening. For 
0 

example, the photoelectrons ejected from H a t  300 O K  by 584 A radiation will  
2 

have a half-width of 2 1  meV. This is considerably larger than the state-of- 

the-art resolution of a photoelectron spectrometer, which is 5 to  10 meV. 

Heavier target g a s e s  will experience very l i t t le  Doppler broadening; however, 

molecular targets will  have a manifold of closely-spaced rotational l eve l s ,  

and consequently their photoelectron spectra will b e  rotationally broadened. 

In certain c a s e s ,  vibrational broadening can a l s o  b e  significant. 

Rotational, vibrational, and Doppler broadening can a l l  be substantially 

reduced by lowering the temperature of the target gas;  however, most gases  

will  condense and form a liquid phase long before significant cooling can  occur. 

We have chosen t o  circumvent this  problem of condensation by using super- 

sonic  expansion to provide the cooling. In supersonic expansion, which is 

an approximately isentropic expansion, a g a s  a t  high pressure is expanded . 

through a small orifice into a vacuum. During this expansion, random thermal 

motion is converted into directed mass flow with the result  that the translational 



temperature T dec reases ,  while the velocity associated with the directed flow 

inc reases .  Thus, random thermal energy' is converted into a uniform kinetic 

energy of mass motion plus a shrinking thermal component. This is accomplished 

through coll isions which, i n  the  aggregate,  sca t te r  molecules into an ever 

narrowing range of velocity. When the collision frequency decreases  and 

'eventually falls to  zero due to  rarification in the beam, the cooling process 

ceases and a terminal Mach number (defined a s  the ratio of the velocity,of the 
1 

directed flow, u ,  to  the speed of sound in  the beam, a = (y kT/M)') is reached. 

The final translational temperature in  the beam is related t o  the terminal Mach 

number M by  
2 

T 

where y is the  specif ic  heat  capaci ty  ratio,  and T is the nozzle stagnation 
3 0 

temperature. Following Anderson and Fenn, one  can derive the generalized 

form for M 
T 

where  9 = (y - l ) /y ,  c is the  "collision effectiveness" equal t o  0.25 for Ar 3 

and assumed t o  be the same for other g a s e s ,  A is a constant equal to  3.26 s. 

for  a toms,  3.65 for.diatomic molecules,  and 3.96 for nonlinear polyatomic 
4 

molecules,  D is the  nozzle diameter, and X is the mean free path in  the 

nozzle.  Thus ,  

for atoms (y = 5/3) , 2 
MT = 469.8' [DPOd /To)] 0 .4  

for diatomic molecules (y = 7/5) , 2 = 121.2 [DPOd /To)] 
0.2857 

M~ 
for nonlinear polyatomic molecules 

2 
(y= 9/71 I = 58.8 [DPOd /To)] 

0.2222 
M~ 

(3') 

where P is the nozzle stagnation pressure in  atm, T is the nozzle stagnation 
0 0 

temperature i n  O K ,  D is the  nozzle diameter in cm, and d is the  collision 
0 

diameter in A ,  which can be  approximately determined from viscosi ty  measure- 

ments. 
5 



The properties of supersonic expansions described above are well 

known, and in recent years workers have used this technique to obtain the 
1 

visible spectra of rotationally cooled species .  However, we are the first  to 

combine a supersonic molecular beam source with a photoelectron spectrometer 

successfully.  Technically, this is a much more difficult problem, since it 

requires that we analyze the energy of the ejected photoelectrons. The dif- 

ficulty ar ises  because the apparatus accepts ejected photoelectrons from only a 

very small solid angle corresponding t o  about 0.01 percent of the ejected 

electrons, and the experiment requires that the energy of the photoelectrons 

be analyzed with very high resolution ( < 10 meV) , thus requiring very careful 

attention to  a number of detai ls ,  such a s  surface preparation throughout the 

apparatus. In our apparatus we use  a nozzle source similar in  concept to  that 
6 

described by Smalley et  a l . .  Stainless s tee l  nozzle apertures ranging in s i z e  

from 10 t o  35 pm, and stagnation pressures up to  10 atm have been used t o  

obtain high Mach numbers. Under typical operating conditions, the t ip  of the 

nozzle is located approximately 2 to 3 mm below the centerline of the photon 

beam which is used to  photoionize the target gas.  The ejected photoelectrons 

are analyzed using a rotatable hemispherical photoelectron spectrometer, 

which incorporates copper hemispheres with a mean radius of 5.1 cm. The 

details of the analyzer and the hollow cathode lamp used to produce the He I 
0 

5 84 A ionizing radiation have been given previously. In the present 

experiment, photoelectrons were sampled a t  90 relative to the incident light 

beam in order to  maximize the counting rate. 
3 -  + 2  

Figure 1 shows the photoelectron spectrum of the 0 X C - 0 X , 
2 9  2 g  

v =  0 transition in molecular oxygen. The ionizing radiation was the Ne I 
0 

736 A resonance l ine,  and the overall spectrometer resolution was 11 meV. 

This spectrum was taken with a 10 pm diameter nozzle aperture and a stagna- 

tion pressure of 7.5 atm , giving a terminal Mach number of 12.7 and a final 

translational temperature of 9 OK. Since rotational degrees of freedom are very 

effectively relaxed in a supersonic expansion, the rotational temperature' is 

assumed t o  be equal to  the translational temperature. At  this rotational 

temperature, approximately 80 percent of the beam is in the lowest rotational 

5 1  



FIG. 1 . --The Ne I (736 i) photoelectron 
3 -  + 2  

spectrum of the 0 X  C - 0 2 X  n g ,  v=O 
2  g 

transition in molecular oxygen, taken with 

a spectrometer resolution of 11 meV using a 

supersonic molecular beam source. The 

rotational temperature is estimated t o  be  

g°K, (ANL Neg. 149-78-74) 

IONIZATION ENERGY - 
level  ( J =  1) , with nearly a l l  of the remaining 20 percent in  the first excited 

rotational level  (J  = 3). Note that because O2 is a homonuclear diatomic 

molecule with nuclear spin equal to  ,zero, only the symmetric rotational levels 

a re  populated. In the case of O,, the odd rotational levels  are symmetric. 
+ & 2  

Since the ground s ta te  of 0, is a n s ta te ,  each vibrational band will contain 

a lnl - and a lnl component. The spin-orbit splitting of these levels in the 
2 2 a a 

v= 0 vibrational band is 24 ,meV. With a spectrometer resolution of 11 meV 

and no rotational excitation ; these spin -orbit components should be  split  

about 80 percent of the way to the baseline. This is almost exactly the degree 

of splitting actually observed in Figure 1, indicating that there is  no rotational 

broadening in the spectrum. 
10 

Samson has a l s o  investigated this  band using a conventional (effusive) 

molecular beam source in an attempt to determine a n  accurate value of the 0 2  
ionization potential. In his experiment, the spectrometer resolution was 

0 

7 meV, and the Ar I1 290 A resonance 'line was used as L11e iollizilly radiation. 

This low energy resonance line was used rather than the more intense (and 

"cleaner") He I or Ne I l ines in  order to reduce the Doppler broadening. Even 

with the lower energy resonance line and the significaiiely better spectrurneter. 

resolution, the resulting spectrum was only split  about 30 percent of the way 

t o  the baseline. 



The advantage of supersonic cooling is therefore obvious. One can 

u s e  strong resonance l ines  for the ionizing radiation without worrying about 

Doppler broadening, work at moderate spectrometer resolution, and still 

obtain spectra which are  better resolved than those obtained with a conven- 

t ional source using a very high resolution spectrometer. Since intensi ty  must 

b e  sacrificed when working a t  very high resolution, it is probably only 

feas ib le  t o  measure high resolution spectra of very weak bands using a super- 

sonic  source in  combination with a moderate resolution (10 to  20 meV) spectro- 

meter. 

At present we  are  using this  apparatus to  investigate the photoelectron 

spectra of a number of small  polyatornic molecules at  high resolution. 
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ANGULAR DISTRIBUTIONS OF PHOTOELECTRONS AND NONTHERMAL 
PHOTOIONS FROM A ~ M S  AND MOLECULES * 

J. L. Dehmer 

During the l a s t  ten years ,  photoelectron angular distributions have been 

used extensively to  study the dynamics of the photoionization process in atoms 

and molecules. Here we review some major advances in this body of work, 

with special  emphasis on results emerging since the l a s t  Conference on Vacuum 

Ultraviolet Radiation Physics three years ago. By far the greatest progress 

has occurred for atoms, where interest is focussed on improving our zero- 

order (Hartree-Slater, Cooper-Zare) understanding of the asymmetry parameter 

p (E ) , by considering electr~n correlati nns , relativistic effectc , and anisotropic 

final-state interactions. The study of the rare gases  has benefitted from 

extensive coordination between experiment and theory, whereas work on non- 

spherical atoms has been mainly theoretical, with the only measurements 

being performed very recently on atomic oxygen, Angular distribution studies 

of molecules are in a much. earlier s tage of development. Progress has been 

impeded by the  lack of practical, realistic theoretical methods and of wave- 

length dependent measurement s ,  both of 'which are becoming available only 

now. This recent work, together with selected topics from earlier resonance- 

l ine work on molecules is reviewed. In addition, a new c lass  of anqle-degenden.t 

s tudies  of molecules will be'discussed-the angular distribution of nonthermal 

ions formed by dissociative photoionization-which provides information 

complementary to the related measurements on photoelectrons. 

* 
Abstract of an  invited paper presented a t  the Fifth International Conference on 
Vacuum Ultraviolet Radiation Physics, Montpellier, France, 5 -9 September 
1977. The ful l  article will be published in the Journal de  Physique. 



PHOTOION>NGULAR DISTRIBUTIONS IN DISSOCIATIVE PHOTOIONIZATION OF 
HZ AT 304A * 

J . L . . .Dehmer and Dan .Dill t .  

Photoionization of H2 by 304 radiation can produce the 2pOu, 2pnu, 
and 2sOg repulsive s ta tes  of H;. The angular distributions of energetic 
(> 2 eV) protons from these s ta tes  have been measured relative to the incident 
unpolarized light beam using a rotatable hemispherical electrostatic analyzer. 
Axial-recoil conditions apply inithis situation, s o  that the photofragment 
angular distribution would b e  s in 20 for pure C -- C' electronic transitions and 
(1 + cos2 0) for pure C - n. electron transitions. However, unllke photodis socia- 
tion processes forming neutral products, the present process a l so  involves the 
ejection of photoelectrons with alternative symmetries, each associated wi th .  
one of the above characteristic photoion angular distributions. Consequently, 
measurement of the net photoion angular distribution in dissociative photo- 
ionization yields the branching ratio-between the alternative (degenerate) 
channels available to  the photoelectron. This type of information cannot be 
deduced by observing the photoelectron itself. T&e present results indicate 
that the formation of the 2pou s ta te  of H;? a t  304 A is accompanied by ejection 
of photoelectrons with significant d-wave character. 

The measurement of angular distributions,and kinetic energies of photo- 

dissociation products yield s ,  respectively, information on the symmetry' and 

internal energy of the dissociating parent .s tate(s) .  This can be  a uniquely .. 

powerful spectroscopic tool,  pa.rticularly in  regions of the photoabsorption 

spectrum dominated by diffuse hands which are. characteristic of repulsive 

final s ta tes  . Moreover, such. r.neasurements can provide dynamical information 

on the photoexcitation process! such a s  branching ratios and dissociation life- 

times. There is significant literature on the theoretical (see, e . g . , . Refs . 
1-4) and experimental ( see ,  e .:g. , Refs. 1,4-6) aspects  of th is  facet of 

molecular photodissociation; however, it is generally confined t o  the spectral 

rango below thc ionization pste?atial. 

* 
Summary of a paper to appear in: Phys. Rev. A. 

'consultant, RER Division. Pennanent address: Department of Chemistry , 
Boslun University, Boston; Mas:sachusetts 02215. 



In dissociative photoionization, a .new wrinkle emerges:. When a 

molecular ion is produced in a repulsive s ta te  by photoionization, the process 

a l s o  involves the ejection of photoelectrons, which generally have available 

to"them degenerate ionization channels of more than one symmetry type. Since 

the photoion angular distribution yields symmetry information about the total 

final s ta te  (molecular ion plus photoelectron), this complicates the determination 

of the symmetry of the repulsive ionic s ta te  alone. On the other hand, when 

the repulsive s t a t e  is known', this  affords us the 'rare opportunity to  measure 

directly the branching ratio for the alternative, degenerate ionization channels. 

This branching ratio cannot be crbtnined from the' electrnn enercrv spectrum owing 

.to degeneracy; and the photoelectron .angular distribution yields an  implicit 

function of both the branching ratio and the relative phases of the alternative 

ionization channels from which the branching ratio cannot be isolated without 

further information. Once the branchi~~g .l-ati6 Information is obtained from the 

photoion angular distribution, however, it can b e  combined with the photoelectron 

angular distribution data t o  help unravel the information contained in the photo- 

electron asymmetry parameter. Under favorable conditions (described in the 

paper t o  be published), the combination of photoion and photoelec.tron angular 

distributions can lead to  a full determination of the dipole amplitudes and 

relative phases of the ionization channels,  thus completely specifying a l l  of 

the dynamical parameters of the photoionization process. 

The theoretical background developed in  the paper to be published oan 

be summarlzed as follows. The differen.tlal cross section for photoions from 

dissociative photoionization of a cylindrically symmetric, randomly oriented 

target by unpolarized radiation in the dipole approximation has the form 



where the subscript m denotes molecular fragment (to distinguish from e for 

electron) and we  have introduced the symbols 

for  the total  C--C and C--n ionization strengths. Under unpolarized excitation 
0 

conditions,  therefore, pure C--C ionization yields a s in  distribution and 
C) 

m 
C--II ionization a ( 1 + cos ) distribution.. In many c a s e s ,  including those 

m 
treated below, a mixture of C--C and C--n transitions is allowed s o  that the 

ne t  photoion angular distribution, as reflected in  the value of P , gives the 
m 

relative strength of the two types of transition 

0 

In the present experiment, 304 A radiation was  used to  produce the 
I 

2pUU, 2prru, and 2 s O  repulsive states of H '  The reader is referred to  the 
9 2' '7 

full paper for detai ls  of the'experiment. The potential curves' of the s t a t e s  
+ 

.of HZ and Hz relevant to this  experiment a re  shown in Figure 1 to show that  
+ 

H ions from the 2p2o will  have kinetic energy in the range 7 to  10 eV, while 
+ u 

the two higher H, s t a t e s  dissociate  to produce slower protons. Typical data  
L 8 

a re  shown in Figure 2. Following Gardner and Samson, we ass ign  the feature 

centered a t  - 8 e V  to  ions from 2pu and the larger peak a t  - 5.5  e V  to  ions 
u 

from both the 2prr and 2so s t a t e s ,  with the strong likelihood that  the 2pru 
U 9 

s t a t e  is the dominant one. 

The two spectra in  Figure 2,permit the  qualitative observation that the 

5 .5  eV band is peaked forward, along the direction of  the light, while the 8 eV 

band is slightly larger perpendicular t o  t h e  light direction. Hence, one can  

expect  that  the asymmetry parameter, P will  be  negative for the 5.5 eV 
H+ ' 

peak and positive for the 8 eV peak. This qualitative observation is put on a 

quantitative bas is  in  the lower part of Figure 3 where the P value was  
l3+ 

determined at evenly-spaced energy intervals between 3 and 9 eV. The spread 



FIG. 1. --Selected potential energy. curves 
(taken from Ref. 7) for states of Hz and H; 
which in  dissociative photoion- 
ization a t  X =  304 A. The shaded region 
represents the Franck-Condon region a s  soci- 
ated with the H2 X (v= 0) ground state. 
(ANL Neg. 149-76-214) 
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FIG. 3 .  --Asymmetry parameter and resulting 
relative cross sections for C--C and C--II 
type transitions for 3 to 9 eV protons produced 
by dis sgcia tive photoionization of H2 a t  
X =  304 A. 
(ANL Neg . 149 -77 -1 49) 
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FIG. 2 .  --Photoion kinetic enepy  spectra for 
photoionization of H2 (X= 304 A) a t  two 
obsetvation angles (8 = 20° and 90 O)  relative 
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large peak near zero kinetic energy is com- 
prised mostly of H$ lsog ground state ions 
which have a thermal energy distribution. 
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in  the  da ta ,  due t o  weak signal and long counting times, necessitated.the 

large error bars which were drawh c o n ~ ~ e r v a t i v e l ~ ;  to cover the.range of , 

variation of a l l  runs. Despite the large uncertainty, a dramatic variation in 

the angular distribution of energetic protons from this process is observed. 

A t  9 e V  kinetic energy, 'where the protons are produced from the 2po s t a t e ,  ' 
u .  

+ " 0.86. A s  the influence of the .  5.5 e V  peak increases a t  -. 8 eV kinetic 

energy, the P value begins to plummet toward its 10; value of P r -0.3 
H+ 

near  6 eV. The data exhibit a very gradual ne t  r ise  between 6 and 3 eV which 

we are not sure is significant. 

The net  ratio of cross sections for C--C and C--TI transitions are given 

in the upper part of Figure 3 .  This curve has been deduced from the P 
H+ 

curve using E q .  6 ,  and the error bars have been omitted. The l i m i t  of 

u (C--C)/a(C--TL) s 0.82 a t  9 e V  can b e  taken a s  representative of dissociative 
+ 

photoionization via the H 2pa state .  This indicates 
2 u 

where the subscripts denote the photoelectron's symmetry s o  that production of 

IT photoelectron is -- 20% more probable than production of a photoelectrons 
g g 

in connection with protons formed with -9  e V  kinetic energy. Since K and 
g 

a wavefunctions have 1 = 2 and P = 0 lead terms respectively (in a spherical 
9 

harmonic representation) this  observation implies that d waves contribute 
0 

strongly to photoionization of H a t  X = 304 A. The importance of high-1 
2 

partial waves to molecular photoionization has  been recently emphasized 
9 

in  photoionization of heavier first-row diatomic molecules. We re-emphasize 

that this  partitioning of excitation probability between degenerate ionization 

channels would not be possible by measurements on the photoelectrons them- 

se lves .  This new information provides a very detailed check of future theoret- 

ical calculations of dissociative photoionization of hydrogen, and,  moreover, 

could be combined with photoelectron angular distributions to help unravel 

the relative phases of the alternative photoionization channels. 
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PHOTOELECTRON ANGULAR DISTRIBUTION AND BRANCHING RATIOS FOR 
ATOMIC OXYGEN AT 304 i * 

J. L. Dehmer and P. M. Dehmer 

The importance of atomic oxygen in  the  upper atmosphere and a s  a 

prototype open-shell atomic system has  stimulated several  theoretical  invest i -  
1-9 7-9 

.a gat ions  of both its integrated and differential photoionization c ros s  
7 8 

sect ions .  Recently, Starace et a l .  and Manson e t  a l .  have computed photo- 

electron angular distributions and branching ra t ios  for the processes  , 

4 3 3 4 0  2 0 2 0  - 
O(2p P) -- 0+(2p S . D , P ) + e u s i n g  both Hartree-Slater and Hartree- 

9 
Fock models. Smith subsequently expanded on this  -by  'incorporating inter- 

channel coupling in  the  final s t a t e  by  means of a clbse-coupling scheme,  

achieving good overall  agreement with the earl ier  work. Measurements of the  
4 0  2 0  2 0 + 

branching ra t ios  for production of the S , P , and D s t a t e s  of 0 a t  

584 A ,  b y  Samson and Petrosky , lo and of the  photoelectron angular distr ibutions 
4 0 2. 0 + 

of the S and D s t a t e s  of 0 a t  736 1( and 584 by  Samson and Hancock 
11 

, ' . . 

exhibit  good agreement with theory. Here we present  photoelectron angular 
. . . . 

distributions and branching , ra t ios  for atomic oxygen a t  304 i n  order toprovide  

a high kinetic-energy test of the theoretical  calculat ions .  

A microwave discharge was  used t o  atomic oxygen in  a mixture 
1 3 - 0 

with 0 2 X  Z and O2 a A . A 584 A photoelectron spectrum i n  the range 
g 9 . '  

11 e V  < I.P. < 14 eV is shown in  Figure 1 to indicate  the  presence of these  

spec i e s .  
2 0 4 0  2 0 4 0  

In Figure 2 w e  show our D / S and P / S branching ratio measure- 

ments a t  304 A,  the  584 measurements of Samson and  ~ e t r o s k y , "  the  
7 

Hartree-Slater resu l t s  of Starace ,et. a l .  , and the close-coupling resu l t s  of 
3 7 

Henry. The Hartree-Fock and Hartree-Slater resu l t s  of Starace et a l .  agree 

very wel l  and only the  latter. al:e plotted i n  Figure 2.  Here we see tha t  the  

experimental points agree best'w:ith Henry's velocity resu l t s ,  although th i s  

conclusion is only tentative owing t o  the  large error bars .  

* 
Summary of a paper published i n  J. Chem. Phys. el 1782 (1977). 

6 1 



IONIZATION POTENTIAL (eV) 

FIG. 1.--He1 (584 i) spectrum of the 
products of a microwave discharge in  
0 2  in the range 11 e V < I . P .  < 14 eV. 
(ANL Neg. 149-77-6) 
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FIG. 2 .  --Comparison of the 
experimei~tal 2 ~ ~ / ~ 3 ~  aiid 
2 ~ 0 / 4 ~ 0  branching ratios 
presented here (e) and by 
Samson and Petroskylo (0) 
with the Hartree-Slater resul ts  
of Starace e t  a1. (-) and the 
close-coupling length (- . - . ) 
and velocity (---) results of . 

Henry. (ANL Neg. 149-77-35) 

In Figure 3 we show our 304 measurement of the photoelectron angular 

distribution accompanying the production of the o + ~ s O  s t a t e .  I t  shows good 
9 

agreement with the theoretical resul ts  by Starace e t  a1. and Smith, , a s  does 
0 . . ,  

the  584 A measurement b y  Samson and Hancock. 

Therefore! although the data  are still extreme1.y sbiirse, i n  ~ I T P ~ I  c+se 

they  a r e  in  good agreement with existing theoretical treatments a t  the Hartree- 

Slater , Hartree-Fock, and close-coupling levels  , confirming the conclusion of 

FIG. 3 .  --Comparison of theoretical and 
experimental results for the photoelectron 
angular distribution accompanying photo- 
ionization of atomic oxygen to  forin 0 + 4s0 

Theoretical resul ts  include the Hartree-Fock 
resul ts  of s tarace et a1. (SMK-L,V) and the 
close-coupling results of smith9 (S-L, V) . 
The 304 A da;a point is from the present work 
and the  584 A point is that of Samson and 
~ a n c o k k .  l1 



7 8 Starace  et al.. and Manson et al. tha t  e lec t ron correlat ion e f fec t s  play. a 

minor role i n  the  first-row a toms ,  .even i n  open-shel l  cases. 
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SHAPE RESONANCE EFFECTS IN X-RAY ABSORPTION SPECTRA OF MOLECULES* 

t Dan Dill and J . L. Dehmer 

X-ray absorption within molecular K shel ls  ac t s  a s  a highly localized 

source of electric-dipole excitation, with P = 1 (p symmetry) about the atomic 

excitation center. Over characteris t ic  ,. narrow energy ranges, the molecular 

potential supports penetration by high-1 components of the excited s ta te  into 

the molecular core,  where they are strongly coupled by the anisotropic . . 
molecular field to the 1 = 1 excitation. A s  a result, molecular inner-shell 

spectra exhibit strong concentrations of oscillator strength in narrow bands 

both above and below the ionization threshold, in contrast t o  the monotonic 

decrease characteristic of the corresponding free-atom spectra. This mech- 

anism of shape resonance effects in molecular inner-shell absorption spectra 

has  been elucidated by application of the multipl& scattering method1 ' to  the 

carculation of these spectra (see ,  e .g. , Ref. 3). This work is reviewed,and 

extended, emphasizing (1) distribution of oscillator strength over the entire 

spectrum, (2) symmetry properties of resonant features in the ionizati,on contin- 

uum a s  probed by photoelectron angular distribution measurements, and (3) a 

new, electron-optical interpretation of molecular resonance effects. Examples 

will include N CO, NO, 02, the hydrogen halides, and the diatomic halogens. 2 ' 
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MOLEC.ULAR EFFECTS ON INNER-SHELL PHOTOIONIZATION. ELECTRON- 
OPTICAL ORIGIN OF THE SHAPE RESONANCES IN THE K-SHELL SPECTRA OF CO* 

'J. L. Dehmer and Dan Dill t 

Integrated and differential photoionization c ross  sect ions are  

obtained for the K shel ls  of CO using the multiple-scattering model.' A 

'shape resonance in  the a(X= 0) ionization channel is populated by excitation 

of the K she l l  of either oxygen or carbon. A s  s een  in  Figure 1, ' the greater 

strength of the carbon K spectrum indicates  that  this  quasidiscrete resonance 

s t a t e  is concentrated more heavily on the  carbon end of the molecule. This 
2 a resonance in  CO is closely related t o  the a-- resonance in  N, , both being 

u L 

dominated by f-wave character a t  large r. Experimental evidence3 for the 

occurrence and nature of these  resonances will  be  discussed i n  the paper t o  

be  published. 

In this work, we emphasize that cross sect ions for inner-shell photo- 

ionization of molecules are  governed by electron-optical properties, e . g. , 
photoelectron transmission functions and phase shifts, of the molecular field. 

A s  an  example, the integrated cross  sect ions for the K-shell spectra of CO ,are 

analyzed in  terms of the amplitudes of the photoelectron's wavefunction a t  the 

atomic nuclei ,  using the relation 5 ' 

Here , is the dipole matrix element for excitation of a K-shell electron to  
p-s . 

a p wave with energy-independent normalization a t  r -- 0 ,  and A(-) normalizes 
Q X  

this  p wave to  incoming-wave normalization corresponding t o  a particular 

(1 ,'A) component of the total  final-state wavefunction a t  r - 00. Mechanistic- 

a l ly  ,: R corresponds to  the photoabsorption s tep  and A(-) correspond t o  
P-S Q X  

I .  

* 
Summary of a paper to  b e  submitted for publication. 

'cbnsultant , RER Division. Permanent address  : Department of Chemistry, ' 

, .Boston univers i ty ,  Boston, Mass.  02215. 



2.0 - - 
FIG. 1 . --Integrated photoionization 
cross  sect ions for the K she l l s  of CO 
and N2. 

(ANL Neg. 149-76-90) 

0.01 I I I I I 
0.0 0.5 1 .O 1.5 2 .O 2.5 

PHOTOELECTRON KINETIC ENERGY (Rydbergs) 

t h e  escape  of the ini t ia l  p wave t o  infinity in  the (1, X) component of the final- 

state wavefunction. This separation is useful when the photon is absorbed 

i n  a localized region of space  near  an  atomic nucleus,  thus rendering ?i 
P-s 

insens i t ive  t o  variations of photon energy smaller than the init ial  s t a t e  

binding energy. This circumstance, then,  i so la tes  any rapid variation in  the 

energy dependence of t he  process in  the  factor A(-), whose square can be  
Q X  

identified a s  the relative transmission function of the molecular field for a 
' ... . 

component of the photoelectron's wavefunctiori. This electron-optical point 

of view has been d iscussed  extensively in  the context of atomic fields.  6 

The main difference i n  the c a s e  of molecules is that  the anisotropic molecular 

field can sca t te r  a given 1 in  a n  atomic core into a range of 1's at r-- 00,  

and  each  combination must be characterized by a "transmission coefficient. " 

Figure 2 shows the square of this  fui?CaOn for rhe X=0,1 ionization 

channels  avai lable  for photoionization of the carbon and oxygen K she l l s  of 

CO. The most striking feature here is the strong spike in  the squared ampli- 

tude function for X =  0 a t  the  kinetic energy of t he  shape resonance in  Figure 1. 

Comparison of the ordinate scales shows both that  th i s  peak is stronger on 

the  carbon end than on the oxygen, and tha t ,  at the resonance position, the 

X =  0 amplitude is much larger than the X =  1 amplitude. Furthermore, i t  can 

be s e e n  in  Figure 2 that  the Q = 3 component is mainly responsible for the X =  0 

shape  resonance, although Q = 0 , 2  components a r e  non-negligible. 



A CO rr: C(ns- .~p)  S .-I CO rr: O ( n s + ~ p )  

- 1  2 FIG. 2. --Squared amplitude funqtionsl I for K-shell photoionization of 
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DETECTOR-INTEGRATED ANGULAR DISTRIBUTIONS: CHEMISORPTION-SITE 
GEOMETRY, AXIAL-RECOIL FRAGMENTATION, AND MOECULAR-BEAM 
ORIENTATION* 

t Scott Wallace and Dan Dill * 
The seemingly diverse problems of chemf sorption -sit e geometry, 

orientation of species in  molecular beams, and the axial recoil of molecular 

photofragments can be analyzed by means of the dependence of photoexcita- 

tion on target orientation. Expressions are derfved for this orientation 

dependence in terms of the electtic-dipole excitation amplitudes of the target. 

For cylindrLcally symmetric targets a particularly simple single-parameter 

distribution 1 + pTPZ (COS BT) is obtained, analogous to the Yang-theorem 

result 1 + BDPZ (COS eD) familiar from random molecule-photoelectron angular 

dis trfbutions ( T denotes target, D denotes detector). For targets of arbitrary 

symmetry the distribution has a maximum harmonic dependence of second 

order and is completely chamctedzed by, a t  most, eight parameters in addition 

to  the overall cross s e c t i ~ n .  The special utility of elliptically poladzed 

light is also discussed. 

* 
Abstract of paper to be published in Phys. Rev. B 1 7 ,  xxx (1978). 
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EVALUATION OF ELECTRON-MOLECULE COLLISION CROSS SECTIONS 
GOVERNING THE ELECTRICAL CONDUCTIVITY OF MHD PLASMAS* 

'J . L. Dehmer and Dan Dill t 

The current effort to develop efficient coal-fired MHD power genera- 

tors has created the need to evaluate realistic electron-scattering cross 

sections for many of the compounds of S, N, C, 0, K, Si, etc. present in 

the MHD plasma. These basic cross sections govern the electrical conduct- 

ivity of the MHD system and are,  therefore, required to effectively model its 

efficiency and to identify molecular species which are especially detrimental 

to the performance of the system. Unfortunately the range of electron energies 

(0-10 eV) and the varietq-of molecular targets relevant to this problem are not- 

straightforwardly handled by present expenlmental or theoretical methods. 

This has stimulated recent work to deal with various aspects of the problem, 

as evidenced by the papers presented in  this session. The emphasis of the 

present work is on flexibility, s o  that a large sampling of important molecular 

targets can be treated in  a realistic, quantum-mechanical way, regardless of 

the s ize  of the target system. Here we report on the initial testing of the 

multiple-scattering method (MSM) a s  a means of achieving the required flexi- 

bility in the calculation of cross sections for electron-molecule scattering. 

The formulation of a MSM approach to  electron-molecule scattering 

and molecular photoionization is well docume nted elsewhere, so  we will 

give only a very brief summary of the method here. Briefly, the model is 

based on partitioning the molecular field into closely packed spherical regions 

centered on each atomic s i te  and one surrounding the molecule. The one- 

- , electron wavefunctions are obtained by enforcing appropriate boundary condi- 

* 
Extended abstract of paper presented a t  the Conference on High-Temperature 
Sciences Related to  Open-Cycle, Coal-Fired MHD Systems, Argonne National 
Laboratory, April 4-6, 1977, ANL-77-21, pp. 91-93. 
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tions a t  the nuclei and a t  infinity, and by requiring that the wavefunction and 

its derivative be continuous on the spherical boundaries in the molecular field. 

Hence, the wavefunctions have ful.1 molecular symmetry, are mutually ortho- 

gonal, and have the appropriate long-range behavior, e. g. , a phase-shifted 

outgoing-wave-normalized plane wave for electron-molecule scattering. More- 

over, the MSM accurately describes the nuclear singularities which are 

distrlbuted throughout the molecular field. This is essential to the realistic 

treatment of electron-molecule dynamics. The main drawback is the approxi- 

mate form imposed on the potential in order to achieve separability of the 

multicenter molecular field, The usefulness of MSM in the study of molecular 
3-6 photoionization has already been demonstrated in our first application: 

K-shell photoionization in N2 and CO. We were able to  realistically reproduce 

the entire discrete and continuum experimental spectrum and interpret the novel 

features a s  shape resonances stemming from 1 = 2 and 3 components of the ~ 

final-state molecular wavefunction. 

We have just completed the first application of MSM to electron- 

molecule scattering: integrated elastic e-N scattering over the range 0 to 2 
1000 eV. This system repreSents a stringent test  of the MSM since the 

distinctive a shape resonance a t  2.4 ell has been well characterized (see, 
g 

e . g . , Ref. 7) , and accurate absolute cross sections over the entire range are 
8 available. Our results, reported fully elsewhere, can be summarized as 

follows: (1) Semiquantitative agreement is achieved over four decades of the 

incident energy spectrum; (2) good agreement is obtained for the position and 

magnitude of the IT shape resonance a t  2 .4  eV incident energy; and (3) sub- 
g 

resonant features in the au and 6 channels are observed between 5 and 25 eV 
g 

incident energy. This prototype study i s  very encouraging, although we are 

pursuing means to improve aspects of the computed cross sections which do 

not agree quantitatively with experiment, e. g. , the excess a cross section 
g 

near zero incident eneryy. 

Since our main thrust is to treat more complex systems, we have 

recently generalized our code to treat molecules of arbitrary symmetry in a 

symmetry-adapted basis. We now have some preliminary results on elastic 



electron scattering from SF The routine manner in which this 70-electron 6 
system was handled bodes well for extensive application of the MSM to the 

large variety of molecular species present in the coal-fired MHD system. 

The main features emerging from the e-SF6 calculation are shape resonances 

in  the tlu, tZg, and e elastic scattering channels. There is experimental 
9 

evidenceg for the tlu resonance, although it was not identified a s  such. The 

other resonances have not been observed owing to the sparsity of data in the 

range 0 to  50 eV. It is instructive to note that the dominant features in inner- 

shell  photoionizationlo of SF6 are closely related to these e-SF6 resonances. 

The close interconnection between strong spectral features in photoionization 

and electron-molecule scattering is a very important tool for interpreting and 

gaining insight into continuum properties of molecules. 

The work to date has concentrated on systems whose cross sections 

are dominated by short-range, electron-core interactions. The results have 

indicated the wide -spread presence of shape resonances in the kinetic energy 

range from 0 to 10 e V  and underline the need for a quantum mechanical treatment 

of this part of the problem. We are now adapting our treatment of the external 

field surrounding the molecule to enable incorporation of dipole, quadrupole, 

etc. moments in our calculation. A t  this stage it will be approprlate'to 

incorporate the frame-transformation techniques described by Chang and Fano 11 

in  order to achieve a unified, efficient means of treating cases in which both 

long-range and short-range interactions contribute in a non-negligible way. 
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DIFFERENTIAL ELASTIC ELECTRON SCATTERING CROSS SECTIONS FOR N2 
FROM 0 TO 30 ev*  

Jon Siege1 , Dan Dill, ' and J . I,. Dehmer 
pp pp 

A s  part of our program to compute cross sections for electron scattering 
1 from complex molecular targets, we recently tested the continuum multiple- 

scattering method2l3 by computing the total elast ic cross section for N2 

between 1 and 1000 eV. The highly simplified potential (potential A in  Ref. 1) 

adopted for low incident energies (approximately 0 to 30 eV) succeeded in 

reproducing the well-known r shape resonance (see for example, Ref. 4) 
9 

at 2.4 eV,  but generally tended to  overebtimate the magnitude of the cross 
-- 4 

section. A t  energies below the resonance, this was traced to an overestimate 

of the cross section in the a channel, but a t  higher energies it was felt that 
g 

the  source of the problem could be traced only with the aid of the differential 

cross section (DCS), which we report here for kinetic energies from 0 to 30 eV. 

In fact ,  the overall agreement between our DCS and both experiment and more 

laborious calculations is much better than that obsenred for the integrated 

cross section. The overestimate in the integrated cross section above the 

resonance position was traced to scattering angles near 90° (weighted heavily 

in the integrated cross section) which becomes apparent only when the DCS 

is expanded in a semilog plot. This prototype calculation shows that the 

multiple-scattering potential generally predicts the DCS rather well, and 

pinpoints the angular range where improvements are most needed, under- 

scoring the fact  that the DCS is a much more definitive test of a theoretical 

procedure than the integrated cross section. 

Details of the calculation are given in  the paper to be published. 

Here we will only summarize the results. Figure 1 shows the DCS calculated 

a t  81 energies from 0.001 to 2.0 Ry using potential A from Ref. 1 . The DCS 

* 
Summary of a paper to be published in Phys. Rev. A. 
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FIG. 1. --Electron-nitrogen differential scattering cross section from 0.001 
to 2 .0  Ry. 

is isotropic near zero kinetic energy where centrifugal forces exclude all 

except the ( 1 , X) = (0.0) partial wave. A s  the energy increases, backscatter- 

ing dominates briefly, until the n - shape resonance is reached a t  0.18  Ry 
9 

(2.4 eV) . The d-wave ( 1 = 2) character of the 2 . 4  eV resonance stands out 

dramatically in this differential scattering surface. Above 0 . 5  Ry the spectral I 'r 

variation becomes more gradual and the angular distribution becomes progres- <, 

sively more peaked in the forward direction, a s  the electron transfers less  and 

less momentum to the target. Note the strong resemblance to the experimental 

differential scattering surface plot in Fig. 30 of Ref. 5 .  

Figure 2 shows slices of the DCS surface a t  eight energies between 
6-9 1 . 4  and 30 eV, for which comparison with other experimental and theoret- 

ical 10-15 work is possible. The construction of Figure 2 requires some 

explanation. For those cases in which the experimental data were raport&.on 

a relative scale, we normalized the entire set  of data to our calculations at 
6 a sinqle energy and angle: Ehrhardt and Wlllmann at  2 . 4  eV. 90': Shyn 

9 e t  a1. a t  5 eV, 30°: and Finn and Doering a t  15 eV, 30° (their 24 eV data 
8 are included in our 25 eV plot), The data of Srivastava e t  al. were put on an 



FIG. 2 . --Comparison of experimental and theoretical results for the e-N2 
differential cross section between 1.4 and 30.0 eV. Theoretical results 
include: - , this work; - - - - I  Chandra and ~emkin;lO . . . . , Buckley 
and Burke; l l - . - . - . , Davenport et a1. ; - . , - . . - . Chandra and Temkin; 13 
-- , -- . -- . Truhlar et 3. :I4 and --. . --. . --. Rrandt nt a1. l5 Rxperlrnantal 

results include: V , Ehrhardt and ~ i l lmann ;6  o ,  Shyn e t  a1. ;7 A, Srivastava 
et al. ; and x, Finn and Doering. 9 

absolute scale by the authors. Theoretical results were, of course, already 

on a n  absolute scale. In making a comparison with the "hybrid" theory results 

of Chandra and Temkin, lo which exhibit the vibrational structure of the n 
9 

shape resonance, we chose their 2.3 eV data as most comparable with our on- 
1 2  resonance results. Similarly, we followed Davenport e t  a l .  in comparing 

their 6 e V  results with the 5 eV experimental data. 



Several a spec t s  of the comparison in  Figure 2 a re  worth noting. ,First,  

below resonance a t  1 .4  eV, our resul ts  agree very wel l  with both experiment 

and the more sophisticated calculation of Chandra and Temkin. Second, a t  

the 2 .4  e V  resonance the two fixed-nuclei theories agree exactly with one 

anbther and are  considerably in excess  of the Chandra-Temkin resul t ,  which 

is reduced and broadened by vibrational effects. Third, a t  5.0 e V ,  our resu l t s  

and those of Chandra and Temkin show a turnover near  0 =  0 in  agreement with 

experiment. Results from Refs . 11 and 12,  which include only X 5 2 ,  continue 

to  increase monotonically a s  0 - 0. The resul ts  by Twhlar et a1. l4 show poor 

agreement with experiment and the other theories.  Fourth, in  the second row 

of Figure 2 ,  one is struck with the exceptionally good agreement between 

experiment and the multiple-scattering calculation.  Only when the near-zerq 

c ross  sect ions  a t  0 - 90' is blown up 0 n . a  semilog plot ,  a r e , t he  imperfections 

in  the  theory made apparent. Thus, in  the third row of Figure 2 ,  a systematic 

disagreement between theory and experiment for right-angle scattering clearly 

emerges. We believe th i s  accounts for the observation that  the theoretical 

integrated c ross  section from R e f .  1 uniformly exceeds the experimental resul ts  

in  this  energy region. 

The present resul ts  and,  thosesof  - R e f .  1 indicate that  the multiple- 

scattering method can produce a real is t ic  description of the  electron-molecule 

scattering process .  In view of the major approximations adopted i n  this 

preliminary study, the  resul ts  must a t t e s t  to  the importance of an accurate  

representation of the electron-molecule interaction in the atomic core regions,  

which is accomplished i n  the multiple-scattering potential. 'Thus, we  feel 

confident in attempting similar calculations on more complex targets ;  for which 

more sophisticat'ed treatments are  not yet  practical .  A t  the same time, it is 

.necessary to  develop a more ab  init io means of producing the potential which 

represents the electron-molecule interaction. Several possibi l i t ies  were 

touched upon in  R e f .  1, e. g .  , incorporating . the  scattered electron in a self- 

consis tent  field procedure i n  determining the effective potential. The present 

DCS work contributes significantly to  this  by clearly.displaying the source .of 

the  disagreement present in  the integrated c ross  sect ion s o  that  the  effect  of 

future improvements can  be  unambiguously monitored. 
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A NEW AID TO THE CLASSIFICATION OF FESHBACH RESONANCES: Ne , Kr, Ar , 
AND X e  * 

David Spence 

Using published values of resonance energies E nlk" in the rare gases 

Ne, Kr, Ar, and Xe, together with the known ionization potential I(m) , we show 

that a n  empirical relation between Enll, and I(m) may be  expressed a s  

where Enll is the nth resonance with excited angular momenta 1 and 1' in 

atom (m) , and Anll, and Brill, are constants which are independent of atomic 

species m. 

A graphical presentation of this relation is shown in Figure 1 where we 
1 have plotted the resonance energies determined by Sanche and Schulz and 

by Brunt et  a1. a s  functions of ionization potential I(m). Figure 1 shows how 

resonances of a given electron configuration (indicated above) lie-with a high 

degree of precision on the plotted straight lines. 

One should note that these data represent only those resonances 
2 associated with P, ion cores. Of the 50 to 55 known resonances with this - 

2 
ion core, 46 are incorporated in Figure 1 , showing the great power of this 

simple classification scheme. The precision to which these data fit the lea'st- 

squares straight l ines is illustrated more clearly in Table 1, which indicates 

the  deviation of each point from the lines. In most cases ,  the deviation is 

< 20 meV, well within the experimental accuracy, stated to be 50 meV. 

Thus, we see  that most resonance energies E 
n l l '  in  the rare gases  

Ne,  Ar, Kr, and X e  can be fitted to  a set of straight lines by the formula 

where I(m) is the ionization potential of species m and Anll, and B n i l  are 
constants independent of m. The binding energy (BE) of a pair of excited 

* 
Summary of a paper published in Fhys Rev. A E, 883 (1977) . 



RESONANCE ENERGY, En&'(eV) .. 

FIG. 1. --Plots of resonance energies E n l  1 1 v s  . the appropriate i ~ n i z a t i o ~  
potential I. Data a 1  tabulated by Sanche and schulzl (light points), bo , hl 2 h4 
measured from spectra of Sanche and Schulz, a l l  other data from Brunt et a l .  
(heavy points). Only resonances associated. with np5 (2~1)  ion cores a r e  plotted 
for the sake of simplicity, although 2P+ ion core resonaices tabulated in 
Refs. 1 and 2 will a l s o  f i t  these same plots. Almost a l l  known resonances in 
Ne,  Ar, Kr, and X e  are incorporated in this figure, of which about 75% fit the 
plots of Enpp  1 = A , R ~ '  I + Bngp to better than 0.02 AV,  Only three point3 are more 
than 0.04 eV of these  plots.  (ANL Neg. 149-76-260) 

electrons to the positive ion core is then given by 

Table 1 shows that a s  the orbital angular momenta of the excited electrons in- 

c rease ,  A -- 1 , .  and the binding energy of the  pair of electrons is simply 
n l I '  

B n ~  
, i. e . ,  it is independent of atomic species .  This is eas i ly  understood 

because a s  I increases ,  the excited electrons are held out from the ion core 



a 
TABLE 1. Difference, AE, between measured and calculated resonance energies obtained 

using Eq. 2 .  
All' 

and Bp i ,  a r e  obtained by a least-squsres f i t  t o  the da ta .  

Probable configuration 

4 4 h4 h4 1 .004 -0.758 
+0.01 -0.01 -1-0.03 0.00 

a Resonances a bo ,  h h h h f r o m  R e f .  1. A l l  others  from Ref. 2 .  
1 2 3 4  



by a centrifugal barrier and their penetration into the core is small. Thus for 

high 1, the excited electrons simply see unit chirge a t  the core and their . - .  . . 

binding energy is independent of m. 

For low 8 ,  however, the excited electrons can penetrate significantly 

into the core, although this penetration will decrease with increasing numbers 

of closed she l l s ,  due to  Pauli exclusion. Thus,, qualitatively, one expects a 

decrease in binding energy for a pair of electrons of given (low) quantum number 

(1,Q') along the sequence Ne , Ar, Kr, Xe. ' A t  present it is not clear why in 

such cases  a strict  linearity of binding energy with I is maintained. However, 

this str ict  l inearity,  and the fact that is very c10,se to  unity, does.  

demon strate that for Feshbach resonances excited .. - electron dynamics are dom- 

inated by electron-electron interactions in the external field of the ionic core, 

s o  that the minor role played by electron interactions within the ion core can 

be represented by a single energy-independent parameter similar to the quantum 

defect used in  Rydberg s ta te  analyses.  The same conclusion has  been reached 
3 

by Read from other considerations. 

Finally, we would like t o  point out that Eq. 2 can be used t o  predict 
.. . 

resonance energies in  helium, although in this c a s e  there is a systematic error 

of about 0.5 e V  between the predicted and measured energies. No doubt the 

reason for th is  discrepancy is the fact that He does not naturally fall  into the 
3 ., . 

family Ne , Ar , Kr , X e  , a s  pointed . . out by Read e t  a1 . 
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David Spence and R. H. Huebner 

Discrete features superimposed upon the slowly varying Schumanri- 

Runge background continuum of O2 were first observed in electron-impact 
1 

energy-loss spectra by Schulz and Dowell. They used the trapped-electron 

technique, and other than correlation of several peaks with a few features ' 

observed in the optical absorption spectrum of Watanabe e t  a l . ,  no detailed 

interpretation was possible because of poor energy resolution. 

Recently this same energy regime of 0 has been studied in more detail 
3 2 

by Trajmar et al. using a hemispherical monochromator-analyzer operating a t  

high resolution and capable of making angular measurements. Trajmar e t  al.  
3 

found the discrete spectrum of 0 to be extremely rich, and tentatively assign- 
2 3 1 

ed several peaks to two vibrational series associated with the n and n 
-2 g 9 
J Rydberg states of 0 ' The apparatus of Trajmar e t  al.  was operated in the 

2 '  . 
"constant-residual-energy" mode, and measurements were made for final 

(scattered) energies between 0.2 and 8.0 e V  in steps of about 0.5 to 1.0 eV. 

Their spectra were complicated by the fact that some peaks appeared to shift  

in energy a s  a function of scattered energy, and they suggested this might be 

due to structures in the background continuum caused by decay of negative-ion 
4 

states which are known to exist in this energy region. Such a decay process 

would cause shifting structures i f  an  apparatus were operated in  the constant- 

residual-energy mode (see Eqs . 1 and 2 ,  Ref .  5). 
6 

Using a modification of the trapped-electron technique, we have 

studied discrete excitation in the energy region of the Schumann-Runge con- 

tinuum of 0 Our technique a lso  detects electrons of constant residual energy 2 
a s  a function of incident electron energy, and structures in the spectra are 

proportional to the total' (i. e.  , integrated w. r. t. dnyle) crass sections for 

* 
Summary of a paper presented a t  the 30th Gaseous Electronics Conference, 
Palo Alt'o, October 1977. 



electron impact. This technique is analogous to that used by Trajmar et al .  , 3 

who measured a signal proportional to the differential cross section. However, 

using a much closer mesh of different residual energies (0.0 5 e V  a s  opposed 
' 

t o  0.5 to  1.0 eV) , our measurements indicate the very rapid variation in cross 

sections within 1 .0 e V  of thresholds shown in Figure. 1 , wherb we have plotted 

the inelastically scattered current a s  a function of incident electron energy for 

several values of fixed scattered (final) energy E Note not only the rapid 
R. 

variation in cross sections, but a lso  the apparent peak shifts, for example 
1 

peak B. 

FIG. 1. --Spectra of inelastically scattered 
electrons in O2 a s  a function of energy 
loss  for different values of final (scattered) 
electron energy. 
(ANL Neg. 149-77-437) 

I I l l 1  I I I II 
7.0 8.0 9.0 10.0 

ENERGY LOSS (eV) 

Interpretation of Figure 1 is facilitated by the matrix shown in Figure 2 .  

Here we have plotted the peaks and shoulders appearing in Figure 1 a s  a 

function of energy for different values of final electron energy (E . The neg- 
R 

ative ion (Feshbach resonances) energy locations plotted on the bottom of 
4 

Figure 2 are obtained frpm Sanche and Schulz . In this matrix, for constant 

residual energy operation, discrete inelastic features will appear a s  a series 

of vertical dots (crosses),  whereas resonances decaying into background 

continuum will appear a s  dots (crosses) lying along the sloping solid lines 

(i. e. , the structure will appear to shift down in energy by an amount equal to 



1 O2 
ER (eV) I 

a b c d e f  C D E F G H I - 

~SCHULZ I J I I 
I I I I J 

7.5 .8.5 9.5 10.5 
PEAK LOCATION (eV1 

FIG. 2.  --Matrix of peaks 
(solid circles) and shoulders 
(crosses) of Figure 1. Feshbach 
resonance locations are plotted 
on the bottom. Vertical l ines 
represent discrete inelastic 
processes, and the sloping 
l ines identify structures in the 
background continuum caused 
by the decay of Feshbach 
resonances. 
(ANL Neg. 149-77-436) 

the final energy (E ) . 
R 

One should note that for values of ER a t  which a sloping line passes  

through a vertical .line, that particular resonance will decay into a discrete 

s tate and should cause resonant enhancement of that state. For example, note 

resonance 9 ,  a s  E increases, will first enhance structures E l  then Dl C ,  f 
R 

(B of Figure I ) ,  a s  is indeed observed in Figure 1. 

Though the spectrum is very complicated for low E below incident R 
energy % 9.0 e V ,  this plot demonstrates vividly that the suggestion of Trajmar 

et al. concerning shifting peaks is indeed true. 

Whereas Trajmar e t  a l .  assigned the lowest Rydberg state of 0 the 
3 2 ' 
TI s ta te ,  to a vibrational sequence d,,  f , C , Dl E ,  F of Figure 2 starting a t  
g 

8.15 eV, this would make the electron affinity of this s tate only 0.10 eV 

(d - 1' eV) . This value i s  extraordinarily low for a low-lying molecular Rydberg 

state.  Using Eq.  4 of Ref .  Z and a* reasonable value of 0.26 for the electron 

screening constant would, place, the lowest  Rydberg state of 0 at. 8.60 e V  
2 

rather. than 8.15 eV,  i. e. , the. location of C, Figure 2 .  Though this  approxi- 

mation is, to some extent, crude, i t  has. proved useful i.n predicting Rydberg 
8 

state.  energies in many more complicated molecules to an accuracy of about 



3 
0.12 eV.  Our estimate of the location of the 11 state is supported by 

9 g 
a priorf calculations of Saxon e t  al.  However, such an assignment leaves 

u s  an  open question-the identity of the discrete structures below 8.60 eV. 

Additional measurements and calculations will be  neces sary to resolve this 

question. 
3 
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A POSSIBLE NEW MECHANISM FOR THE PRODUCTION OF FAST (0 t o  1 . 5  eV) 
N ATOMS IN THE UPPER ATMOSPHERE* 

David Spence and P. D. Burrow t 

Many previous measurements of threshold electron spectra in  N at 
2 

low incident energy ( <  15 eV) have indicated a sharp r i se  in signal a t  approxi- 

mately the dissociation limit, followed by a slow decrease in signal over 

the next 1 .5  eV.  A l l  previous measurements of this  prominent feature have 

been limited to  essent ial ly  zero scattered electron energy (e. g.  , the SF6 
2 

scavenger and the trapped-electron method!); Using a modified A C  trapped- 
3 electron technique we were able  to measure slow scattered electrons a t  other 

than zero energy as a function of incident energy. Our measurements shown 

in  Figure I indicate that the triangular-shaped structure a t  9.7 e V  has  an 

essent ial ly  vertical onse t  a t  the dissociation limit (within 0.05 eV) , and that  

this  structure disappears for scattered energies (=E  ) other than zero, at l eas t  
R 

within our resolution of about 0.12 eV. The question is "What type of 

mechanism will cause  the production of only zero energy electrons? " Stated 

slightly differently, what mechanism will  cause  an  incident electron to  l o s e  

all of its energy and lose  none i f  the incident energy is above the threshold - 
for excitation of this  process? Obviously some type of resonance mechanism 

is involved. One answer to  the above questions would be  that in the range 

9.7 to 11.0 e V  there is a whole ser ies  of inelast ic  c ross  sections which peak 

a t  threshold and are  zero thereafter. However, this  seems highly unrealistic. 

We would l ike to  propose a new type of mechanism t o  answer the 

above questions. 

Referring to the schematic potential energy diagram of N, shown in  
2 4 ' 

Figure 2 ,  we  have sketched in the well-known X ~l. (N-) s t a t e ,  whose minimum 
2 4  

is located a t  about 2.3 e V  and whose dissociation limit is N ( S) + N - ( ~ P )  

* 
Summary of a paper to  be submitted for publication. 
t Consultant RER Division, University of Nebraska Lincoln. 



ENERGY LOSS (Arb. Units) 

FIG. 1. --Spectra of inelast ical ly  scattered electrons from N2 for different values  
of final electron energy (ER) . Note the disappearance of the triangular-shaped 
feature whlch peaks a t  9 .7  e V  for f inal  energies greater than the energy resolu- 
tion of about 0.12 eV. (ANL Neg. 149-72-433) 

(which is unstable aga ins t  autoionization) . .So far there are no other known 

negative-ion s t a t e s  which dissociate  into those same products, although 

doubt less  others do ex i s t ,  for example, a 'ZN- s ta te .  2 
In order to explain our observations,  we need to make only two very 

reasonable assumptions: 1) Such a N- s t a t e  e x i s t s ,  and it c rosses  the d is -  2 
sociation limit within the  Franck-Condon region of N 2' This is necessary t o  

explain the vertical  onset .  2) This N- s t a t e  has  a lifetime a t  l e a s t  equal t o  
-14. 2 2 - 

one  vibrational period, 3 10 sec. This is certainly true for the X II NZ 
- 

4 
s t a t e .  We propose that  the incident electron can become attached t o  this  



ELECTRON 
YIELD 

- , NEUTRAL STATES 1 1 - NE6ATIVE ION STATES 

FIG. 2. --Schematic potential 
energy diagram of N2 and NZ 
with a sketch of the expected 
yield of slow electrons produced 
b y  decay of the  upper N i  state. 
(ANL Neg. 149-78-15) 

' -'  
INTERNUCLEAR DISTANCE (ARB. UNITS) 

upper  N; s t a t e  when the incident energy lies between 9.7 and = 11.0 eV. 
4 - 3 

This N; s t a t e  then d issoc ia tes  into the products N( S) + N ( P) , t he  la t ter  of 
4 

which is unstable and autoionizes into e(E) + N( S), where E is the energy of 

the ejected electron and will  b e  equal  t o  minus the electron affinity of N ,  

which is believed to  be  of the order of < 0.05 eV. 
5 

Thus. i n  the energy region 9.7 -- 11.0 e V  we  have a source of slow 

(a 0.05 eV) electrons,  with a concomitant production of f a s t  ( 3  0 -- 1 . 5  eV) N 

atoms.  Although we have not put our es t imates  of the c ross  sect ion for th i s  

process  on an  absolute bas i s ,  it is quite large and may be  an  important source 

of N atoms in  the upper atmosphere. 
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S-TUDIES OF POST-COLLISION INTERACTIONS IN Ne FROM SCATTERED 
ELECTRON SPECTRA* 

David Spence 

Recent s tudies  of the effect of pos t-collision interactions (PCI) between 

the scattered and ejected electrons, following the decay of short-lived auto- 

ionizing state  excited b y  electron impact, have indicated that the exchange of 
-1.2 

energy 6E between the two electrons is given by 6E = AE , where A is a 
1 

constant and E is the energy the scattered electron would have had in the 
1 1 

absence of PCI. It has  been suggested that the exponent 1.2 may be a 

universal constant applicable t o  a l l  transitions in which PC1 plays a role. 

However, a recent quantum-mechanical calculation by Bottcher and Schneider, 2 

which includes in a qualitative manner, the effects of dynamical screening of 

the ion core by a paii- of receding electrons, shows that whereas for sufficiently 

large values of E, the energy exchange is expected to fall 'off a t  leas t  a s  fas t  
1 

a s  E-'*' . Forlower values of E ' the energy exchange 6E should be of the order 
-0.5 1 ' .  E 3 in agreement with the classical  predictions 'of Barker and Berry. 

In order to clarify this situation, we have made precision measurements 

of the energyexchange between the scatte,red and ejected electrons following 
. 6  1 

autoionization of the 2s2p 3s(  S) s tate  of Ne', using a technique we have 
4 

described previously. Our results are shown in the log-log plot of Figur'e 1 , 
1 which a iso  includes the pr'evious 'data of Wllden et. al .  11.~111'  ej ec.ted electron 

spectra obtained over a more limited range of E  he two s e t s  of data show 
1 ' 

good agreement over the common range of E However, the present data to 
1 

a definite reduction of slope, a s  predicted by Bottcher qnd 

indeed denionstrate the importance of dynamical screening 

of the ion core in the energy exchange process . 

* 
Expanded abstract of a paper presented a t  the 30th Gaseous Electronics 
Conference, Palo Alto, October 1977. Expanded abstract from J. Phys . B - 11, 
6243 (1978). 



4 FIG. 1 . - -Log-log plot of the  
energy exchange 6E between 
scattered and ejected electrons 
following autoionization of t he  
2szp63s ('5) s t a t e  of Ne from 
measurements of scattered electron 
energies (+, a ,  0 ,  .present data) , 
and ejected electron energies 
( a Wilden et a l .  l )  . 
(ANL Neg. 149-77-439 Rev. 1)  

EXCESS ENERGY, El (eV) 
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MEASUREMENT OF AUTOIONIZING STATES OF Ne FROM SCATTERED ELECTRON 
.SPECTRA*. 

David Spence 

The spectroscopy of autoionizing s t a t e s  ' in Ne have been studied by 
1 ; 2  3 4 1 5 excitation with fast and slow ions ,  electrons,  and photons, with 

detection of scat tered electrons,  ' 2 ,  e jected electrons,  " photoabsorp- 
10 

t ion,  electroionization , * " and broad-band photons. An attempt t o  
11 

correlate t hese  measurements showed apparent large discrepancies ,  even 
6 

taking into account different selection rules.  ~t has  been suggested that  some 

discrepancies  may b e  caused by so-called "pos t-collision interaction (PCI) 

effect" (see R e f .  6 and references therein) where energy is exchanged between 

t h e  ejected and scat tered electrons for sufficiently low electron-impact energies 

and  Short autoionization lifetimes. Such condition? may apply in  near-threshold 

measurements of scat tered and ejected.  electrons,  electroionization, and 

broad-band photons. 

To resolve these  discrepancies we habe studied the quantitative effect 

of PC1 on t h e  apparent thresholds of autoionizing s t a t e s  i n  Ne between 40 aod 

50 e V  by measuring the yield of scattered electrons of chosen fixed final 

energies  between - 0 e V  and 3 e V  in  s teps  of 0 .10  eV. We have made these 

measurements with a modification of the trapped-electron method we have 

described in  detai l  previously. 1 2  

Although scattered -electron, ' posit ive -ion, and 'broad-band photon 

spectra  in the autoionization region of Ne are  often complicated by the presence 

of negative-ion structures , we can  demonstrate that  our scattered-electron 

spec t ra  in Ne are  not complicated by this  effect .  To do .this we utilize the  

technique for enhancing negative-ion structures described elsewhere in  this 

reportPa and shown i n  the spectra of Figure 1, where the top trace shows the 

* 
Expanded abstract  of a paper presented at the 30th Gaseous Electronics 
Conference,  Palo Alto, October 1977. Part of the paper is in  preparation. 



ELASTIC + INELASTIC 

FIG. 1. --Spectra of in- 
elastic (upper) and in- 
e l a s t i c  plus e l a s t i c  (lower) 
showing enhancement of 
negative ion structures in 
the  lower core .  These 
spectra demonstrate the  lack 
of negative ion structures 
i n  our spectra in  Ne when 
only inelas t ical ly  scat ter-  
ed electrons a re  measured. 
--- , neutral autoionizing 
energy= eVa(6F); - , neg- 
a t ive  ion s t a t e s  energy 
=e(Va+W). 

@NL Neg. 149-77-441) 
ACCELERATING VOLTAGE. VO (Volts) 

usua l  trapped-electron current resulting from inelas t ical ly  scattered electrons 

only. The lower t race shows enhancement of negative-ion features (indicated 

by the solid vertical  l ines)  obtained b y  modulating V instead of W 
13 

a out*  
These spectra ,  which were obtained a t  the same wel l  depth (W= 1.45 V) show 

no evidence of resonance features in  the upper trace.  

Having demonstrated that  our inelas t ic  spectra are  due only to  neutral 

autoionizing s t a t e s ,  we  take a se r ies  of spectra similar to the upper t race of 

Figure 2 a t  many values of fixed final energy E and a small  sample of ' these 
R ' 

are  shown in Figure 2 for values  of E = 0.1 eV, 0.3 eV,  1.1 eV,  and 1 .'9 eV. 
R 

The peaks in  these  spectra tend asymptotically towards . the  locations of ' the  

long vertical  arrows a s  E increases ,  the  displacement of each  peak of the  lower 
R 

spectra  being indicated by  the short vertical l ines .  

The data of Figure 2 are  plotted in  a more conc ise  way in.Figure 3 ,  where 

our data  are  plotted in  rows 2 and 3 from the top. Row 2 shows the location of 

our peak posit ions of Figure 2. for essent ia l ly  zero scat tered energy', i. e. , near  

threshold. The zero-scattered-energy spectra of row 2 agree excellently with 



FIG. 2 .  --Spectra showing the. 
apparent shift in energy locations 
of autoionizing s t a t e s  of Ne a s  
the  excess  energy (= E + shift) of 

R the incident electron is reduced. 
(ANL Neg. 149-77-438) 

. A d  
41 43 45 47 49 51 

ELECTRON ENERGY LOSS (eV) 

EXCITATION Ne AUTOIONIZING STATE ENERGIES (eV) 
DETECTION 4 1  43 4 5 4 7  4 9 

I I 
5 1 

ELECTRON IMPACT I I I 

THRESHOLD IONIZATION l a 
ELECTRON IMPACT 
THRESHOLD SCATTERED 

I 
ELECTRON ( -0  eV) 
ELECTRON IMPACT 
1 9 eV SCATT ELECTRON L 
0 5 - 15 keV HEAVY ION 
EJECTED ELECTRON I, 
ELECTRON IMPACT 
(40eV ABOVE THRESHOLD) - I 
EJECTED ELECTRON d, e 
150 - 250 keV HEAVY ION , EJECTED ELECTRON I 
PHOTONS 
ABSORBTION - 9 
HIGH ENERGY 
ELECTRON IMPACT T 
SCATTERED ELECTRON 
10 keV ~ e +  I 

ION-EJECTED ELECTRON 
COINCIDENCE 

FIG,. 3 .  --Comparison of energy levels  of autoionizing s ta tes  of Ne obtained 
us.ing the  indicated experimental techniques,  illustrating the effects  of post- 
collision interactions on the results of the two top rows. a ,  Refs. 8,9;' 
b ,  present data: c ,  Ref. 3; d.,e,  Refs. 6,7; f ,  Re f .  1; g ,  Ref. 5'; h ,  Ref .  4; 
i ,  Ref. 2 .  
(ANL Neg. 149-77-481) 



8 
the electro-ionization data of Bolduc, Quemener, and Marmet. We know, 

however, that the apparent energy levels derived from our zero-energy spectra 
12 

of row 2 are shifted from their true positions owing t o  PCI. Energy levels  

determined from scattered energies other than zero show the systematic shift  . 

of the apparent thresholds toward lower energy '(shown in Figure 2),  indicated 
, . 

by the sloping lines between row 2 and row 3 of Figure 3, asymptotically 

approaching the measured energy locations shown in row 3. The energy levels 

of'row 3 agree well with energy levels determined by a variety of other . . 

1-4,s-7 
techniques where, according to Marchand, Veillette , and Marmet, l4 

PC1 is not expected to  play any role. In that our observations can be completely 

understood in terms of PCI, it appears the results of electro-ionization mea- 

surements t of row 1 are similarly affected by PCI, a s  suggested by Sharp, 

Comer, and Hicks. 7 

Incidentally, one should note that,  where observed, optically allowed 

transitions occur only very weakly in our spectra,  whereas optically forbidden 

transitions are relatively intense, a s  expected. 
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PREDICTION OF LOW ENERGY MOLECULAR RYDBERG STATES FROM FESHBACH 
RESONANCE SPECTRA* 

David Spence 

An' electron transmission spectrometer is used to study Feshbach 

resonances in the derivative of the transmitted electron current through gaseous 

targets of CH3X(X= C1, Br, 1). A typical spectrum, that for ,CH I,  is shown in 
1 3 

Figure 1. Combination of data obtained in HX and CH3X yields an empirical 

relationship between resonance energies E. (m) and the corresponding ioniza - 
n i l '  

tion potential ~ ( m )  given by 

where AnlPl and Brill, are constants independent of molecular species m ,  and 

P and 8' are anbular-momentum quantum numbers "1 Lhe two excited electrons. 

This empirical relation is shown graphically in Figure 2 for resonance 
+ 2  2 2 

configuration (ion core) s , p , d in the above-,mentioned molecules. 

The energy location of Feshbach resonances in other halogenated hydro- 

carbons and related molecules may be predicted from E q .  1 with no other 

knowledge than the ionization potential I(m) and i ts  A and Brill obtained 
n i l  

from the data of Figure 2 .  

As Feshbach resonances are usually associated with Rydberg states 

rather than valence seates, the above relation may be used, together with an 

effective core screening factor a, to predict the energies of I.nw~lying Rydberg 

s ta tes  in molecules similar to those discussed above. An outline of this method 

is as follows. We must first give a brief description of ~ e a d ' s '  modification 

of the Rydberg-Ritz formula. The familiar Rydberg-Ritz formula describes the 

energies E of atomic Rydberg states of configuration (core) n l  a s  
n 8 

* 
Summary of a paper published in J. Chem. Phys. 66, 669 (1977). 



FIG. 1. --Derivative of the trans- ' 

mitted electron current vs . electron 
energy in methyl iodide. Structures 
1 - 1 ' derive from the bf ndin of a S pair of 6s electrons to the X E2 1 
positive ion cores, and l a  - la' 
are vibra tionally excited resonances 
.associated with 1 - 1' . 
(ANL 'Neg . 149.-75 -243) 

FIG. 2.  --Plot of the ionization potential 
vs . Feshbach resonance energy for 
resonance configurations (core) s 2 ,  p , 
d2 in the acid and aklyl halides. The 
slope is unity, implying strong electron- 
electron correlation for the pairs of 
excited electrons moving in the non- 
spherical Coulomb field of the ion core. 
(ANL Neg. 149-76-221) 
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AS' Feshbach resonances consist of a pair of electrons in Rydberg-like 
2 

orbitals, Read has modified E q .  2 by the simple expedient of accounting for 

! g ;  
I 1 1 1 1 , I I  

2 electrons and replacing the core charge Z by a reduced charge (Z - a), where 

5.0 6.0 7.0 8.0 9.0 

a is a screening constant representing the mutual screening of the ion core by 

the two electrons. For a pair of equivalent excited electrons, Feshbach 

resonance energies E 2 are then given by 
(na) 

The screening constant a is obtained by combination of E q s .  2 and 3 



2 
Using known resonance and Rydberg-s ta te  energies,  Read has shown 

that  for the binding of a pair of s electrons to  an  atomic ion core,  is often 

very c lose  to  0.25. We note here that for such systems,  a is in  f ac t  confined 

t o  0.2 5 < a < 0.29. Minimized mutual screening of the core,  i . e. , maximum 

electron-electron correlation, implies a = 0.25 ,  and for a resonance to  be  

bound a t  a l l  E(,l)2 5 Enl , i . e . ,  a 5 0.29. 

Rearrangement of Eq. 4 allows the prediction of Rydberg s ta te  energies 

E 2 from known Feshbach resonance energies ,  E 
(nl  (n.t12 

2)/2(2-aj2 . = 1- (I-E(nP) Enl (5) 

Substituting Eq. 1 into Eq. 5 yields  
- 2 

. . En, - I - [ I (1  - A n l l t )  - Bnl,',]/2 (Z -.a) (6 

Thus, armed with a knowledge of A n i l 1  and B n l t '  from,Figure 2 and a. 

the prediction of low energy Rydberg s t a t e s  in  structurally related molecules 

is a straightforward matter. 

Using 'the values of A 
n i l "  Bnl.el , and 6 obtained from the data  of 

Figure 2, and with no  knowledge other than the ionization potential, we  are 

ab le  tn calculate the 'energi,es of the lowest energy ,Rydberg s tates ,  i n  chemically 
-* 

related molecules. This we have done in  Table 1 ,  where we have chosen the 
3 same s e t  of molecules (listed In C O ~ U I I I I L  1) a3 ugod by Hochmann e t  a l .  in  

their prediction of Rydberg s t a t e s  from known Rydberg energies in  other 

molecules. 

Table 1 vividly demonstrates that t h e  technique described here is 
4 

a s  accurate as tha t  described by Maria; and applied b y  Hochmann k t  a l .  3 

t o  estimate the energies of unknown Rydberg s ta tes .  ' ' 



TABLE 1. Comparison of predictions of t he  lowest  energy Rydbeq s t a t e s  using Rydbeq-s ta te  spect ra  
(Eq. 1) and Feshbach resonance spect ra  (Eq. 1). AE represents the  error in  the predictive 
abili ty.  I and I2 represent the two spin-orbit components of t he  posit ive ion core.  1 

AE = Ens (measured) - E ' (calculated),  eV 
n s 

Calculated from 
Rydberg s t a t e  Calculated lrom resonance spect ra  b 

Molecule Ionization energy Rvdberq spect ra  Ans=1.015 
potential  I ,  a Ens (measured), a An, = 0.95 Ana=0.98 Bns=-3. 872 

e v  eV B,,= -2.971b Bna=-3. 20' a= 0.269 

HCI (I2) 12.85 9.360 +O. 123 -0.033 -0.047 

HC1 (I1) 12.75 9.279 +O. 138 +0.016 ' -0.028 

ClCN (I2) 12.631 9.233 +O. 204 +0.054 ' +O .047 

ClCN (II) 12.490 9.092 +O. 198 +O. 052 +O. 049 

BrCN (1,) 12.197 " 8.465 -0.151 . -0.288 -0.280 

HBr (I2) l i . 9 8  8.544 +O. 134 +O. 004 . +0..018 

BrCN ($1 11.950 8.219 -0.162 -0.292 -0.276 

HBr (I1) 1 1 . 6 5  8.226 +0. 130 , +0.009 +0.034 

ICN (12) 11.549 7.869 -0.132 -0.249 -0.219 

Average AE = 0.14 eV 0.12 eV 0 .13  eV 

a ,  Ref. 5; b ,  Constants  A and B calcula ted  from methyl halide and acid  halide da ta  only; c ,  Constants A and B 
calcula ted  using a l l  l i s ted  molecules.  
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A NEW TECHNIQUE TO DIFFERENTIATE BETWEEN NEGATIVE ION AND NATURAL 
AUTOIONIZATION STATES IN THE RARE GASES* 

David Spence 

Introduction 

Autoionizing s t a t e s  in  the rare g a s e s  have been studied by observa- 
1 tion of scattered electrons,  ejected electrons (see R e f .  2 and references 

3 4 
therein), photons, and positive ions,  following excitation by electron im- 

pact.  However, structures in  the spectra obtained by the above techniques 

may often be attributed to  energetically interspersed negative-ion s t a t e s  
2 

(resonances). This effect is shown schematically in Figure 1 ,  where we have 

sketched an  energy-level diagram which includes only one neutral autoionizing 

s t a t e  and one associated negative-ion state existing in the ionization continuum. 

Interferences between neutral and negative-ion s t a t e s  occur in  the measured 

. spectra  in  the following ways (neglecting only further complications from 

" post-collision interactions for the present) . 

Scattered-Electron Spectra 

Neutral autoionizing s t a t e s  are  usually located from scattered-electron 

spectra by measuring the final energy of the scattered electrons E = E - E . R i o  
However, a negative ion located a t  E and associated with the neutral s t a t e  

0' 

a t  E can decay by emission of two electrons of energies E and E where 
0 1 2 ' 

El  + E = Eo, - EI. Both E and E can take any energy between zero and 
2 1 2 

Eo, - EI, and thus some will  have energy E - E = E , and structures in  the 
i o R  

measured spectrum due to  a negative ion may be interpreted a s  a neutral s ta te .  

Positive-Ion Spectra 

In a similar manner, neutral autoionizing s ta tes  a re  usually identified 

in  positive-ion spectra by structures caused by interference between the 

* 
Summary of a paper presented a t  the 30th Gaseous Electronic Conference, 
Palo Alto, October 1977. Full paper to  be  submitted for publication. 



EXCITATION 1 DETECTION 
NEAR THRESHOLD ELECTRON IMPACT EXCITATION 

1 1  1 1  

autoionizing s t a t e  and the  energetically coincident 

a l s o  occurs, of course, when E. = E 
1 0" 

continuum. Such 

FIG. 1. --Schematic energy 
level diagram showing com- 
plications in scattered 
electron, positive ion,  and 
broad-band photon autoion- 
ization spectra arising from 
nearby negative -ion states .  
Actual spectra contain a 
superposition of neutral and 
negative ion spectra. 
(ANL Neg. 149-78-16) 

Photon Measurements 

Neutral autoionizing s ta tes  are often located by observing structures 

in the broad-band photon emissions which occur when the incident electron 

energy is swept through the energy location of a neutral autoionizing state .  

This may occur by cascading t o  lower-lying auroionixiily s'tates or by dcaay to 

a highly excited bound s ta te  followed by cascading. Negative ions can a lso ,  

of course, decay by emission of a single electron to  these same bound excited 

s t a t e s ,  again causing structures in the photon yield whenever Ei= Eo, . 
- 

Techniques which have no adjustable experimental parameter other than 

the  incident energy thus often cannot dlstlnguish between struetureo duo to 

negative and neutral autoionizing s ta tes .  In actual practice, many neutral and 

negative-ion s ta tes  will occur a s  a pair of "ladders. " We have developed a 

technique dependent upon scattered electron spectra whereby the two "ladders" 

of resonances and doubly-excited s ta tes  appear to  move a s  a whole relative 

t o  one another, as a function of scattered energy. 

Experimental Technique 

The experimental technique we use is a modification of the trapped- 
1 

electron technique, which we have described in some detail  previously, and , 



only the salient features will be outl.lned here. 

Monochromatic electrons are accelerated to the desire.d energy E . i 
[ =  e(V + W)] inside a gas-filled collision chamber which contains a potential 

a 
well  W. Electrons which lose  eAergy between eV and e(V + W) in  an  inelastic 

a a 
collision remain trapped in the potential well ,  but use  of a modulation technique 

results in  the detection of only those whose final energy E =eW. Choice of R 
W thus results in the choice of final energies detected a s  one sweeps the 

incident energy E by sweeping V for fixed W. However, a s  mentioned in the 
i a 

introduction, this technique will a l so  detect negative-ion structures in the 

ionization continuun by the process of two-electron decay. Negative ions 

and neutral features can be separated by noting that negative-ion features 

occur only when Ei = Eo, , i . e. , when 

Neutral autoionizing features occur when 

Thus, features due t o  negative ions and neutral autoionizing s ta tes  can be  

separated by taking spectra a t  different fixed values of W. Whereas negative- 

ion features are very prominent in  the scattered-electron spectra of He (and, 

in fact ,  dominate positive-ion spectra), they are rather weak in Ne. We 

employ one additional trick to enhance negative-ion features in  this case .  

Note that if we modulate AW a s  shown in Figure 2 ,  then our spectra contain 

only inelast ic  structures (neutral and negative ion),  but i f  we modulate V a 
instead,  our spectra will contain the very same inelast ic  features, and in 

addition, the negative-ion structures will be greatly enhanced due to  geometric 

trapping of some of the e las t ic  negative-ion features, which are usually much 

larger than the inelastic features. 

Results ' 

Two spectra we obtain in the above manner are shown in Figure 3 for 

two values of W(Wi = 0.125 V and W = 0.65 V) . A s  predicted, some features , 2 



FIG. ..2. --Schematic diagram of apparatus 
and potential along the axis. 
(ANL Neg. 149-6484) . 
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FIG. 3 .  --Negative ion and neutral s t a t e s  of Ne,  with negative-ion peaks 
enhanced by modulating Va a s  described in  text.  Negative-ion features move 
t o  lower values of Va for larger values  of W, as described by  E q .  1. Features 
at approximately the same value of Va i n  both spectra a re  due t o  neutral auto- 
ionizing s ta tes .  (ANL Neg . 149-72-440) 



attributed to resonances are shifted to  lower values of Va by 0.525 V and are 

indicated by the sloping lines. Features which remain a t  approximately the 

same V are due to neutral autoionizing states (approximate in the sense that 
a 

we are not taking post-collision interactions into account in this report). 

I 1 I 1 I I I I I I 1 

A B C D E  FG H I  J K 

FIG. 4. --Spectra of 
scattered electron cur- 
rent a s  function of 
E i [= e (Va + W] for dif - 
ferent W' s in  Ne. 
Structures A -- K con- 
nected by vertical lines 
are negative-ion states.  

CI 

A l l  other features are 
V) 
C .- neutral autoionizing 
C 
3 states which, in this 

figure, occur a t  an 
energy Ei = e W. 
(ANL Neg. 149-77-435) 
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Taking many spectra similar to those in Figure 3 and shifting each 

spectrum to  the right by the appropriate value of W results in  the spectra 

shown in Figure 4. In th is  figure features which occur a t  the same incident 

electron energy E = e(V + W) represent negative-idn s ta tes  and are readily 
a 

identifiable by  the vertical l ines marked A - c K .  The energies of these  s ta tes  

are  tabulated in  Table 1 where they are seen t o  show very good agreement with 

the results of other workers using a variety of techniques. The neutral features 

which occur in  Figures 3 and 4 are subject to  complications from post-collision 

interaction effects and will  be discussed in detail  in a separate report. 

TABLE 1 .  Compalison of N, Energies in  eV, Obtained in present Experiments 
with previous data 

Sanche and Wilden Roy and Bolduc Present 
S ~ h u l z a  e t  a l . b  carretteC e t  a l .  d experiment 

*, . -. 

a Electron transmission, Ref. 5 .  
b ~ j e c t e d  electron spectra, Ref. 2 .  
C d S t ~ ~ t ~ r e s  in Ne 3 ~ ~ 3 ~ 1 ~  excitation function, Ref. 6 .  

Positive i o n s ,  Ref. 4 .  
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EVIDENCE SUPPORTING TENTATIVE IDENTIFICATION OF FESHBACH RESONANCES 
OBSERVED IN THE ATOMIC HALOGENS 

David Spence. 

From studies of the systematic energy locations of Feshbach reso- 
nances in atoms, we provide additional evidence supporting some tentative 
resonance-configuration assignments in C1, Br, and I. 

1-4 
In a series of papers, Cunningham and Edwards reported the 

observation of temporary negative-ion s ta tes  (Feshbach resonances) in the 

atomic halogens F ,  C1, Br, and I. Their experiments measured the energies 

of ejected electrons following collisional excitation of resonance s ta tes  by 

the impact of fas t  ground s ta te  (stable) negative ions on gaseous targets, such 

a s  helium and hydrogen. Such a n  excitation/decay scheme is shown in 
2 Figure 1, which shows that,  because of the doublet nature ( Pa &) of the 

2 ' 2  

ground s ta tes  of atomic halogens, each resonance gives rise to  two possible 

electron energies, with the consequent doubling of many resonance features 

in the spectra of Cunningham and Edwards. However, because the magnitude 

of this splitting is known, Cunningham and Edwards were readily able to 

identify such doublet features. The assignment of electron configurations to 

the observed resonances was ,  however, less certain, and Cunningham and 

Edwards were able to give only tentative identification. The identifications 

were based on the recognition that the strongest resonance features were 

likely to consist  of pairs of s electrons attached to positive-ion cores,  and by 

analogies with previous resonance calculation' in  0 by Matese, Rountree, 

and Henry. 6 
Further calculations by Matese e t  a1 . subsequently verified 

the assignments made by Cunningham and Edwards in C1. 

Using a graphical technique we developed to  systematize resonances 
7 

in t he  rare gases ,  we are a lso  able to verlfy the assignments of Edwards and 

Cunningham in . Br and I ,  and further, t o  identify unambiguously a few 

resonances whose configurations were uncertain. The bas is  of our original 

classification scheme was the observation that resonances of similar electron 
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FIG. 1. --Schematic level diagram showing 
excitation from a ground negative ion s ta te ,  
and decay into neutral ground s ta tes  in 
the  atomic halogens. 
(ANL Neg. 149-78-14) 

configurations in different atoms lay along straight l ines when the resonance 
. . 

energies were plotted a s  a function of the ionization potential of the respective 

atom. In order to utilize this technique for classifying halogen resonances, 

we must first  demonstrate that we can extend our graphical scheme t o  include 

excited positive ion-core s ta tes .  We do this by using resonances in atomic 

oxygen a s  an example, where the resonance energies (see R e f .  8 and references 
5 therein) and configurations are very well known. In Figure 2 we have made 

such a plot of resonance energy versus the energies of the known ion core 5 t 8  

4 2 
term values S, 2 ~ ,  and P. Figure 2 vividly demonstrates (with the exception 

2 
of [ Dl 3s3p resonance) the excellent fi ts that can be obtained from such a 

2 2 plot for resonance configurations [core] s , s p  and p . 
I 

We are now able to  use such a plot to  classify the halogens (Figure 3), 
2 

where we use only those energies corresponding to  decay to the P, - ground 
2 

s ta te  (the "unprimed" energies l isted by Cunningham and Edwards). 

On the le f t  we have plotted the various ground and excited positive l ~ n  

s ta te  energies of C1, Br, and I ,  suggested by Cunningham and Edwards, a s  

forming the positive ion cores .of the observed resonances. This plot, indeed, 

verifies the configurations suggested by Cunningham. Cunningham and 

Edwards were, however, unable to decide whether the ion core of the second 
3 3 

resonance in I and Br had term values Po or P Figure 3 shows that the 
* 1 ' 
3 

correct choice is P in both c a s e s ,  a s ,  indeed, we had previously determined 
O 9 

in  c a s e  of the rare gases .  
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FIG. 2. --Plots of resonance energies 
v s  . parent atom ionization potentials 
i n  atorpic oxygen. 
(ANL Neg. 149-78-18) 
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FIG. 3. --Plots of resonance 
energies vs .  parent atom ioniza- 
t ion potentials in C1, Br , and I. 
(ANL Neg . 149-78-171 
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A NOTE ON THE ASSIGNMENT OF LOW-LYING RYDBERG STATES IN F2 

David Spence 

We propose tentative configuration assignments t o  low-lying Rydberg 
s ta tes  in F2 , based upon a systematic study of 'daughter Feshbach-resonance 
s ta tes .  

Despite the very extensive studies of molecular fluorine by photo- 

absorption, photoemission, photoion, and photoelectron spectroscopy extend- 

ing over a period of 50 years,  relatively li t t le is known about the spectrum or 

molecular structure of fluorine, especially assignment of low-lying Rydberg 

s ta tes .  A recent detailed study of F in absorption and emissibn by Colbourn 
1 2 .. 

e t  al .  analyzed rotational and vibrational structures of a few Rydberg states 

but failed to identify any Rydberg series. 

At the energy location of the expected lowest Rydberg series correspond- 
1 

ing to  the promotion of a -rr electron to a 3sa  orbital, Colboum e t  a l .  found 
g 

one vibrational sequence with B and w values similar to those of the ground 
2 1 

positive-ion s ta te ,  which they very tentatively assigned a s  (x n)3sq n , 
g 

plus one additional isolated level also of similar B value, which they tentatively 
2 3 

identified a s  a possible vibrational level of the (x n )3sa  II component .of the 
3 g 

manifold states.  Colbourn et  a l .  , however, stress that they lack any 

possible proof of these assignments. In additinn, these is some quoction a3 

t o  whether the vibrational quantum number of the lowest levels in the vibra- 

tionai sequence they observed is 0 or 1. This work apparently failed to take 

account of any help in s tate assignments that may have been available from 
2 

published Feshbach resonance spectra, .which, a s  has been repeatedly pointed 

out (see Ref. 2 and references therein), are associated with such Rydbrry 
2,3-6 

s ta tes .  In addition, very detailed systematic studies have been made of 

Feshbach resonances and their parent Rydberg states which often made identi- 

fication of these s ta tes  possible. 

In order to ap,ply a knowledge of these systematics we have plotted in 

Figure 1 the energy of Feshbach resonance levels we have previously obtained 

in F2, together with the energy levels obkained by Colbourn et  a l .  'l in 
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FIG. 1. --Energy level diagram of Feshbach 
resonances (Ref. 6) and .Rydberg states 
(Ref.  1) observed in F2. 
(ANL Neg. 149-78-19) 

F emission. In that the vibrational spacings of a resonance series is . 2 
expected to be similar to that of the parent Rydberg and grandparent positive-. 

3 ion s ta tes ,  i t  is clear that the resonance sequence we observed with average 

spacing 130 meV is associated with the vibrational sequence observed in 

emission. Further, the electron affinity of the Rydberg s ta tes ,  0.445 eV is 

entirely consistent with the value obtained from studies of many dozens of 
2-6 

atoms and molecules, which always lies in the range 0.4 - 0.5 e V  for the 

binding of an additional s electron to the lowest Rydberg s ta te ,  which itself 

is formed by adding an s electron to a positive-ion core. Because of the 

strength of the lowest resonance we observed, we believe that its vibrational 

quantum number is 0,  and hence the lowest level observed in emission is 0 

and not 1, If an additional Inwer vibrational level did exist in emission, its 

electron affinity would be only 0.31 eV, which would be unusually low. 
2 

Further, a lso  from systematic studies, we expect the parent Rydberg state 
3 

of the observed lowest sequences of resonances to have term value n 2 ,  
1 

rather than n , a s  tentative1.y assigned by Colbourn e t  a1 . 1 
A second weaker series of resonances we observed a t  higher energy is 

plotted on the right of Figure 1, and the lowest member of this series is clearly 

associated with the isolated (weak) level observed in emission.' Iil this case ,  

the electron affinity of the parent Rydberg state is only 0.10 eV , which is 

consistent with the binding s f  an additional p electron to an excited system 



with an  s electron. 2,4,7 The reduced electron affinity occurs, of course, 

because of the  increased mutual screening of the positive ion core by pairs ~f 

electrons in dissimilar orbitals. Again from systematic studies in many atoms 
1 

and molecules, we expect the parent s ta te  .of these latter resonances to  b e  II 
3 

and not a member of the II maniford suggested'by Colboum e t  al .  1 
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LOW ENERGY ELECTRON SCATTERING FROM METHANE 

* * * 
P. D. Burrow and 1. A. ,Michejda 

Transmission of electrons with kinetic energies below 1.5  e V  through 
methane has been studied. The derivative of the transmitted current shows 
many features attributable to  various vibrational modes and their combinations. 

The total scattering cross sections of unsaturated hydrocarbon molecules 

display pronounced resonant variations due to the formation of temporary 

negative ions a t  energies below 5 eV. For the most part, these features are 

shape resonances created by the binding of the incoming electron into a low- 

lying, normally unfilled antibonding IT o&ital (see, for example, Ref .  1 and 

references therein). In saturated hydrocarbons, such a s  methane (CH*) , the 

lowest unfilled orbitals l ie  a t  relatively high energy and one does not expect, 

therefore, to find sharp resonant structure in the electron scattering cross 

section due to shape resonances. 

We have examined the total cross sections of a number of saturated 

hydrocarbons, such a s  methane, ethane, propane, butane, and cyclohexane , 
2 

a t  low energy using the electron transmission technique of Sanche and Schulz. 

In each compound, relatively sharp structure is found in the energy range from 

, 0 to  1 .5  eV. Figure 1 illustrates this structure in methane. In this figure, 

the derivative with respect to energy of the current transmitted through a gas  

cell containing CH is plotted a s  a function of the electron impact energy. 
4 

The energies of certain of the vibrational modes of methane are a lso  

shown in Figure 1 a s  vertical l ines labeled by the relevant vibrational quantum 

numbers. The modes shown are infrared active fundamentals, overtones, or 
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FIG. 1. --Derivative of the 
transmitted current as a function 
of electron energy in methane. 

ELECTRON ENERGY [aV)  

combination modes, and there appears to be  good agreement between these 

energy levels  and the structure seen in the transmission spectrum. It appears 

reasonable t o  assign these features t o  Wigner cusps associated with the 

opening of these channels of vibrational excitation. 

Similar structure has been observed in the other compounds studied 

here a s  well as certain unsaturated hydrocarbons. It is likely that s.uch effects 

are general in  scope. The interpretation of structure attributed to  temporary 

negative-ion s ta tes  a t  these energies must a lso  be carried out with these - 

effects in  mind. 
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RESONANCES IN ELECTRON SCATTERING FROM CADMIUM 

* ** . 
P . D . Burrow and J . A. Michej da 

Transmission of electrons with kinetic energies up to 13 eV through a 
heated collision chamber filled with Zn, Cd, or Hg vapors has been studied. 
Features in the derivative of the transmitted current a s  a function of electron 
energy are attributed to shape resonances, Feshbach resonances, or Wigner 
cusps.  

Studies of temporary negative-ion formation in the elements .have been 
1 

confined largely to the rare gases .  With only a few exceptions, measurements 

over a wide energy range and efforts to  classify resonances have been restricted 

to these closed-shell atoms. To improve our understanding of temporary 

electron attachment, it is desirable to extend experiments to elements in  other 

columns of the periodic table. Furthermore, it is useful to  choose columns in 

which a s  many of the elements a s  possible may be  studied. 

With this in mind, we have carried out electron transmission studies of 

the group IIb elements zinc, cadmium,, and mercury, a s  well a s  magnesium 
2 from group IIa. Each of these atoms is characterized by an  ns  outer electron 

configuration. Our measurements were made using the electron transmission 
2 

method devised by Sanche and Schuli ,  which has been amply described in 

the literature. Our only modification to  this technique was to employ a heated 

collision chamber fed by a heated side arm containing the solid metal. 

Representative data for cadmium are shown in Figure 1 which displays 

a plot of the derivative with respect to energy of the electron beam current 

transmitted through a cell containing the metal vapor. The energy range begins 

just below the excited s ta tes  of Cd, shown a s  vertical l ines ,  extends pas t  the 

- - -- 
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FIG. 1 . --Derivative of 
the transmitted current 
a s  a function of electron 
energy in cadmium. 

first ionization potential near 9 eV, and includes the lowest few doubly-excited 

s t a t e s  from 12 to  13 eV. 

A t  energies below 1 eV, not shown'in Figure I., a single,. large resonance 

is present in  each of the elements studied here. These features are shape 
2 2 resonances caused by.formation of (ns np) P s ta tes  of the  negative ions and 

have been discussed elsewhere. 3 

Although classification. of the resonances seen in Figure 1 is incomplete, 

a few of the features are worth nnting here. A t  thc lowest  upl ludly allowed 

s t a t e ,  near 5.4 e V  in  Cd,  a pronounced structure appears which does not have 

the characteristic resonance profile, We attribute this feature to  a Wgner  

cusp  occurring a t  the transition threshold. Similar abrupt changes in  the total 

c ross  sections -of each of these elements will serve a s  useful energy calibra- 

tion points. 

The excited s ta tes  of Cd are grouped in Figure 1 according to  principal 

quantum number. Close examination of the figure indicates that the profiles 

of the Feshbach resonances .associated with each group are replicated a s  the 

principal quantum number is increased. This is e a s y  to  see by comparing 

the resonances between 6.5 and 7.5 e V  with those between 7.7 and 8 . 3  eV.  



Above the ionization potential, large resonances are observed in. the 

range from 11 to  13 eV. These, are attributed to Feshbach res mances associated 

with the virtual excitation of inner-shell 4d electrons, rather than3he valence 
2 

5s electrons. In the case of mercury, these inner-shell resonances fall below 

the lowest ionization potential and overlap the usuai valence s ta te  resonances, 

causing much confusion in earlier attempts to  classify the negative ion states.  
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t C . H .  Chang,  F. T. C h a i , t '   and^.-k. Kim 

~ i f f e r e n t i a l  c ros s  sect ions for ela'stic scattering and for the exci ta-  
2 2 2. 

t ion of 'the 2p PI  3p P, and 3s  S states of Li have been calculated a t  5 .4 ,  

10  f 20, and 60 e V  electron-impact e n e k i e s  in  the froien 'core  Glauber 

approximation. It is found that the Glauber resul ts  are  in  reasonable agree- 

ment with the  recent experimental measurements of Williams et a1. l  The 

polarization fraction of the resonance l ines  of Li is a l so  calculated in  the 

Glauber  approximation.' The theoretical resul ts  are  in good agreement with 
2 the existing experimental data of Leep and Gallagher in  the incident energy 

range from 30 t o  1000 eV. 
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ENERGY DISTRIBUTIONS OF SECONDARY ELECTRONS. 111. PROJECTILE ENERGY 
DEPENDENCEFOR IONIZATION OF He, Ne,  AND Ar BY PROTONS* 

t L .  H. Toburen, Steven T.  ans son , ' and Yong-Ki Kim 

A theoretical analysis  of secondary electron spectra,  which has  pre- 

viously been applied to  electron-impact ionization of atoms and molecules, 

is applied to  the experimental data on ionization of He, Ne. and Ar by 

protons in the 0.1 to  1.5 MeV energy range. The data  are  a l so  compared 

with ab  initio Born approximation calculations.  Our theoretical analysis  

clearly brings out expected features in the secondary-electron spectra for 

incident proton energies of -- 1 MeV and up. Inner-shell contributions and the 

charge transfer to  the continuum process tend to  obscure the appearance of 

a simple asymptotic behavior a t  lower proton energies; for a given incident 

energy, the analysis  is simpler for atoms and molecules with lower nuclear 

charge. 
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t K. T. Cheng and Y. -K. Kim 
- - - -  

Excitation energies and oscil lator strengths for dipole-allowed transi- 

t ions between low -lying s t a t e s  in  the Ag -isoelectronic sequence a re  studied 

using relativistic Hartree-Fock wavefunctions.' It is found that from Pm 14+ 

(Z= 61) and up,  the ground s ta te  is 4f rather than 5 s ,  while the transitions 

5s-5p and 4f-5g are  strong throughout the sequence. The theoretical 
12+ 

wavelengths for the  Pr ion are  in excellent agreement (-- 1% or better) 

with recent experimental data. 
2 
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TRANSITION PROBABILITIES FOR THE RESONANCE TRANSITIONS O F  Na-LIKE . , . . 

IONS* 

t Yong-Ki Kim:and Kwok-tsang Cheng 

Theoretical wavelengths and transition probabilities for the 38-3 P. 

and 3s-4P transit ions of Na-like ions  are presented. The theoretical data 

a re  computed from relativist ic Hartree-Fock wavefunctions . Similar data for 
15+ 

additional transit ions between low-lying s'tates (n.= 3 and 4) of the Fe , 
31+ 63+ 6 8+ 

Mo W , and Au ions a re  a l s o  reported. Relativistic effects i n  the  

oscil lator strengths for the resonance transitions a re  qualitatively similar t o  

those  already observed in  the  Li sequence. Comparison with available 
15+ 31+ 

experimental data on wavelengths for Fe and Mo ions shows excellent 

agreement ( 1% or better). 
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t George H. Gillespie,  Yong-Ki Kim, and Kwok-tsang Cheng 
3 

Selected total cms s sections are  calculated in the closure- om 
+ +. + 

approximation for the ions Li ,, C s  , and Au incident on several gas 

constituents. Targets included are H, H He, C,  N, and 0. Four general 
2 ' 

types 'of cross section are  considered depending on whether the incident ion 

or target atom is scattered elastically or inelastically. Expressions are given 
-2 

for the  Born cross sections t o  the first  two orders in an  expansion in /3 , 
where f3 = v/c and v is the relative velocity. The atomic form factors and 

+ + 
incoherent scattering functions for the idns Cs  and Au , which are required 

in  order to evaluate the leading order cross section parameters, are calculated 

from the relativistic and nonrelativlstic Hartree-Fock wavefunctions. Results 

a re  a l s o  given for some of the energy moments of the dipole oscillator strength 
+ + 

distributions for C s  and Au , a s  determined from the ground s ta te  wavefunctions . 
These parameters, together with atomic properties taken from the literature 

+ 
for Li , and the various targets considered are then used to evaluate the cross 

sect ions to the first  two orders in the expansion. 
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* 
BETHE CROSS SECTIONS FOR Na-LIKE IONS 

Yong-Ki Kim and Kwok-tsang Cheng t 

2 . Bethe c ross  sect ions for the  excitation of Na-like ions to the  3 P1, - 
2 2 2 2 

3 p 3 ,  4 pL , and 4 p3 states from the ground s ta te  by electron impact a re  - - 
2 2 2 

computed from the relativist ic Hartree-Fock wavefunctions . A s  the nuclear 

charge is increased,  excitation t o  the L ~ 3  - s t a t e  is affected far more by 
23 

re la t ivis t ic  effects than excitation to  the &pl  s ta te .  The asymptotic ionization - 
15+ 

c ross  sect ions for the neutral Na atom and Fe ion are  computed from a sum 

rule ,  i . e . , by subtracting the sum of the discrete  excitation cross  sect ions 

from the  total  inelastic-scattering cross  section obtained from the sum rule. 

In the.evaluation of the sum-rule c ross  sect ion,  a dipole oscillator-strength 
15+ 

moment L(-1) is needed. A value of L(-1) for the Fe ion was  provided by 
3 

Baer. The ionization c ross  sect ions thus obtained are 
n 

. 2  -20 2 o (Na) = p I 2 . 5 1  [ln (%) -P2]  + 26.31 x 10 cm , (1) 
ion 

1 - P  . . 

2 -20 2 
ion L ) - p J + 1 . 6 4 ) x 1 0  c m ,  

o (Fe15+) = p-2 {O .209 [In ( 
1 - P  

(2 

where (3 is the incident electron speed divided by  that of light. The c ross  
1 

sect ion for Na is in  agreement with that  calculated by McGuire, but not with 
2 

the  epxeriment by McFarland and Kinney. 
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MOMENTS OF THE OSCILUTOR-STRENGTH DISTRIBUTION FOR THE  el". ION 

. *  
T. Baer 

We have used potentials calculated by a Hartree-Slater self-consistent 
1 

atomic field program to generate the dipole oscillator-strength distribution 
15+ for Fe . The resul t  was  then used to  calculate moments of the dipole oscil-  

lator-strength distribution a s  in previous studies.  2 

15+ The dipole strength distributions of the  separate shel ls  in  Fe a l l  

showed hydrogenic behavior, that i s ,  monotonic decreasing behavior a s  a 
' function of energy in  the continuum region. In particular, the maximum which 

occurs  just above threshold in the 2p-d channel in the oscillator-strength 

distribution in  the Fe neutral has  disappeared. This behavior is expected 
15+ 

s ince  the  wavefunctions of Fe will quickly assume hydrogenic form because 

of the high ionic charge. 

Table 1 gives the calculations of the moments of the dipole oscil lator 

strength. The quantities tabulated have the analy.tica1 form 

~ ( p )  = 1 (E/R) " l n  (E/R) (d f /d~)  d~ , 

where df/dE is the oscillator-strength distribution, R is the  Rydberg energy, 

and the' integral includes a sum over.al1 allowed discrete  transitions. 

TABLE 1. Moments of the  Dipole Oscillator Strength Distribution for t'e 
15+ 

-. -- 
P - G -5 - 4 - 3 - 2 - f 0 

S(p) 0.192(-2) 0,457(-2) 0.109(-1) 0.260(-1) 0.642(-1) 0.275 0.109(2) 

L(p) O.l67(-2) 0.397(-2) 0.945(-2) 0.227(-1) 0.628(-1) 0.657 0.504(2) 

B The format A(B) means A x 10 . 
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15+ Since experimental data for Fe are  not available,  we .have tested 

the overall accuracy of this method by comparing our resul ts  with more real- 

istic calculations. S(-1) was found to agree within 5% with a nonrelativistic 
3 

Hartree-Fock calculation. (The Hartree-Fock value was S(-1) = 0.2 82. ) 

Both oscil lator strengths and energy levels  of the discrete s t a t e s  of the 3 s 
3 

valence shel l  a l s o  agreed, with a relativistic Hartree-Fock calculation to  . 
within 10%. Finally, we note that the 600 Rydberg cut-off energy, which we 

used in  the numerical evaluation of the above integrals, gave a value of S(0) 

within 1% of the expected 11.0.  The accuracy of the p < 0 moments should 

be  affected less by this  high energy cut-off of the integration s ince they 

depend on a negative power of the energy. 

This method should prove useful in the systematic study of the ionic  

properties of elements in the periodic table.  Some of the present results a re  

immediately useful.  Indeed, the prese'nt value of L(-1) was  used by Kim and 
4 

Cheng in  a n  evaluation of the total inelastic-scattering cross  section for 
15+ 

electron impact on Fe a t  high energies.  
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Yong-Ki Kim 

Asymptotic Born cross sections for the resonance transitions of Mo 

and W ions (U- and Na-like) show 20 to 50% reductions when relativistic 

wavefunctions are used instead of nonrelativistic 'ones. The smaller cross 

sections result both (a) from relativistic contraction of orbitals (reduced 

geometrical cross sections) and (b) from reduced range of momentum transf ers 

(increase in the lower l i m i t  of the momentum transfer) when the spin-orbit 

splitting increases the excitation energy. The latter effect is most con- 

spicuous in the nsl - - np, - transitions. The use of appropriate relativistic 
2 ?. 

data would be  necessary to obtain reliable (20% or better) cross sections for 

discrete excitations by electron impact. 

* 
Abstract of a paper presented a t  the American Physical Society Topical Con- 
ference on Atomic Processes in  High-Temperature Plasmas, Knoxville, Tenn. 
16-18 February 1977. 



ATOMIC FORM FACTORS AND INCOHERENT SCATTERING FUNCTIONS OF Xe, 
Hg, AND U. IONS 

* 
Kwok-tsang Cheng and Yong-Ki Kim 

Atomic form factors and incoherent-scattering functions of xen+ (n= 1- 
6), ~ g " +  (n = 2 ,5 ,10 ,20 ,34 ,52) ,  and un+ (n = 1,6)  were computed from rela- 
t ivis  tic Hartree-Fock wavefunctions . These data  a re  needed in estimating 
total  cross sections for inelast ic  scattering of the ions by  background gases 
in storage rings proposed in  various heavy-ion fusion schemes. 

Introduction 

Some scenarios proposed for the inertial-confinement (pellet) fusion by 
1 

energetic heavy ions u s e  storage rings to  accumulate the ions before the final 

focusing on the pellet .  To determine vacuum requirements of the storage ring, 

it is necessary to  estimate stripping cross  sect ions of the ions by background 

g a s e s  in the ring. The terminal velocity of the ions is expected t o  be a 

s izable  fraction of the  speed of light (v  /c - 2/3), and hence we can use  
ion 

the Born approximation for the ion-gas collision. 

A sum-rule method can be applied to  the Born cross  sections for the 
2 

ion-atom collision in  much the same way a s  was  done for electron-a.tom col- 
3 

l is ions.  The sum rule reduces final' expressions for the collision cross  sections 

to  terms involving the atomic form factors F(K) and incoherent-scattering 

function S (K) of the ions and the target g a s e s .  The functions F(K) and 
inc  

S (K) are  a l s o  used in calculating cross  sections for x-ray and electron 
inc  

scattering. 4 

For application to  heavy-ion fusion schemes,  F(K) and S (K) for ions 
i n c  

of various atoms and charge s ta tes  are needed. A comprehensive tabulation 
5 

exists in the literature for neutral atoms. For ions ,  however, F(K) was  cal-  

culated only for a limited number of ions  (mostly singly charged ones for 

crystallographic applications),  and no table of S (K) for ions is available in  inc  
the literature. 

* 
Fostcloctcrral Appuintee from the University of Notre Dame. 



Definitions - 

Both F(K) and S (K) are  functions of the momentum transfer 6 , and 
inc  

a re  defined in  terms of a n  atomic wavefunction Q a s  

and 
N 

+ - - C +  

NS (K)= ( Q l  z 
inc  

exp [ i K  ( r .  - rk ) J  I * )  - I F ( K )  i 2  , 
I 

(2) 
j , k= l  

+ 
where N is the total number of atomic electrons and r, is the position vector of 

I 
the  jth electron from the nucleus. In most applications, the target atom is in 

the ground s t a t e ,  and the ground-state wavefunction is used for Q.. (When 

high precision is unnecessary, a molecule can be approximated as the col- 

lection of constituent atoms, and the corresponding cross s e c t i v ~ ~  car1 be 

approximated a s  the sum of cross sections for scattering by  these atoms .)' 

Results , 

In the  course of computing Born cross sections for ion-atom collisions, 

we have calculated F(K) and Sinc(K) for a number of heavy ions from relativistic 
6 Hartree-Fock wavefunctions . We used Desclaux's computer codes t o  produce 

t h e  wavefunctions. For open-shell configurations, we used average configura- 

t ions. Some of our results are being published elsewhere. 7 

As  can be  seen from the d e f l n i t i o ~ ~ s  1 dad 2 ,  r(I<) and Sinc(K) are even  
2 

functions of K ,  i. e . , functions of K . A convenient dimensionless variable 
2 0 

to  b e  used is Q = ( ~ a ~ )  , where a = 0.529 A. We have tabulated F(Q) and 
0 

S (Q) of selected ions of  X e ,  Hg, and U in Tables 1-7. The net charges 
in c 

on some of the ions were chosen such that remaining electrons form closed 

shel ls .  
2+ 10 5+ 7 10+ 2 

The data for Hg ions rHg (5d ) ~g (5d 1; H~ (5d 1; H~ 
20+ 

14 34+ 10 52< 10 
(4f ) Hg (4d ) Hg (3d ) J are  a l so  plotted in Figures 1 and 2. By 

definition, F(Q) = N a t  Q = 0 ,  and Sinc(q) = 1 a t  Q -- m. 



2 
FIG. 1. --Atomic form factors of Hg ions.  Q = (Kag) . 

In Figure 1 ,  curves for different net charges a l l  merge t o  a common 

curve (within some tolerance) a s  Q increases .  The values of F (K) for large K 

a re  basically determined from the charge distribution of core electrons,  and 

the  exis tence of the common curve is a clear indication that the core charge 

distribution is not affected much by the presence (or absence) of the outer 

electrons. 

No such common trait  is observed i n  S (Q) (Figure 2),  because 
inc  - -C 

S (Q) is sensi t ive to  outer charge distribution, i. e. , large r - r .  (see 
i n c  i . I  

Eq.  2),  for small Q, and,  a s  noted earlier,  approaching unity for large Q. 

In both ranges of Q, the ions have l i t t le  i n  common. 

For large values of K (> 30) F(K) requires closely tabulated wave- % 
functions to  avoid numerical cancellations from rapidly oscillating integrands 

(see E q .  1). Some of the existing tables of F(K) for neutral atoms suffer from 
5 

this  defect. We interpolated wavefunctions to.insure four significant figures 

for ' ~ a b l e s  1 -7 . 



I 

TABLE 1 COHERENT ANP INCCOHFRENT A T O M I C  F O R M  F A C T O R S  F O R  XE + C XE 2+ 



TABLE 1 CONTINLED 



T A B L E  2 COHERENT AND INCOHERENT A T O M I C  F O R M  FACTORS F O R  XE 3+ & X E  4+  



T A B L E  2 C!3NTINUcD 



TABLE 3 Cr3HEREKT AND INCOYF-RENT ATOMIC FORM C A C T O R S  FOR XE 5 +  & XE 6 +  

4.8960 t o  1 
4.891P+O\ 
4. R87[?+01 
4.883i)+Ol 
4. H7BD+0 1 
4.R74rl t n l  
44 8709+0 1 
4.86613+0 1 
4- 86 1'3+0 1 



------------.-------------------------------------------------------------- 
XE St ' XE' 6 +  -------------------------- - --- ---------------------- 

Q F ( 0 )  SINC1Ql F ( C )  SINCtQ') 
----------------------.---------------------------------------------------- 



T A B L E  4 CqHEREhT AN? I N C O H C Q ~ N T  A T O M I C  F O R M  F A C T O R S  F O R  HG 2 +  C HC 5 +  





TABLF 5 Cr)HEREFiT AND INCOHC3ENT A T O Y I C  F O R M  F A C T O R S  F,OR HG 10+ C HG 20, 





T A B L E  6 COHFREhT AN@ IhiCOHFSTNT A T O M l C  F O R M  F6 .CTORS F O R  HG 34+ C HG 52+  







' T A B L E  7 C ' I N T I N L F O  



2 
FIG. 2 . --Incoherent scattering functions of Hg ions . Q = ( ~ a ~ )  , N = number 
of bound electrons. 

For small Q ,  F(Q) and Sine(?) can be expanded in powers of Q. The 

coefficients are expressed in terms of various powers of r of the atomic electrons. 

Table 8 lists tlie power ser ies  expansion coefficients for small Q: 

3 
S (Q) = B ~ Q ~  . inc i=1 . 



Table 8 .  Power Series Expansion Coefficients fcr F(Q) and Sinc(Q) (See Eqs. 3 and 4 )  

F (Q) Sinc(Q) 

Ions N 
A1 A2 *3 1 B2 B3 

References 

1 . Proceedings of the Workshop on Heavy-Ion Fusion, Brookhaven National 
Laboratory, 17-21 October 1977, Brookhaven National ~ a b o r a t o r y  
Report, BNL 50769, p. 43. 

2. G. H. Gil lespie ,  Phys. Rev. A E ,  563 (1977). 
3 .  M. Inokuti, Y.-K. Kim, and R. L. Platzman, Phys. Rev. 164, 55 (1967). 
4. Y. -K. Kim and M. Inokuti , Phys . Rev. 165, 39 (1968). 
5. J. H .  Hubbell, W. J. Veigele, E.  A. Briggs, R. T. Brown, D. 'T. Cromer, 

and R. J .  Ilowerton, J. Phys. Chem. Ref. Data 4, 471 (1975). 
6. J. P. Desclaux, Comp. Phys. Commun. 3, 31 (1975). 
7 .  G. H. Gil lespie ,  Y.-K. Kim, and K. T. Cheng, Phys. Rev. A -1 17 1284 (1978). 

a l s o  Born cross  sect ions for ion-atom col l is ions,  this  report. 



RELATIVISTIC FORMULAS FOR MULTIPOLE-TRANSITION PROBABILITIES 

* -.. 
K. T .  Cheng 

Electromagnetic multipole transitions are discussed in"the framework 
of quantum electrodynamics. Gauge ,invariance of the transition is discussed,  
with emphasis on its relation to the nonrelativistic length and velocity form 
calculations. Relativistic forms of the multipole transition matrix elements 
are  reduced to  radial integrals convenient for computation. 

We shal l  consider radiative transitions of an atom or ion from s ta te  

l a )  to  lb) by  emission of a photon y from the point of view of the S-matrix 

theory.. Conventions . and notations used here are standard (see Appendix 

I for details).  

S-Matrix of Radiative Transitions 

In quantum electrodynsmics the interaction between the electromagnetic 

field and the electron-positron field is described by a Hamiltonian density of 

the form 

where j is the Dirac current density operator 
P 

and A is the electromagnetic 4-potential given in Appendix IT. 
P 
In our present c a s e ,  the initial s ta te  of the whole system is described 

by l a )  8 10) , where 10) is the vacuum s ta te  of the photon field, and the final 

s t a t e  is ( b )  @Iy -- . The S-matrlx element of transition then becomes 
k e 

* 
Postdoctoral Appointee from the University of Notre Dame. 



Here the unperturbed electron s ta tes  + are  given by 

+ 
where u ( x )  sa t i s f ies  the single-particle Dirac equation in  an external potential 

A s  a resul t ,  we can factor out the temporal part of S and Eq. 3 becomes 
a--b 

where o = (Ea - E )/h , and V is a volume element. Define transition matrix 
a b  b 

as 

-- A ik-• x i k  x 
where A = E e and + = E e 

0 
being the vector and sca lar  potentials,  

respectively.  We then have 

The proLabili'ty of transition from 1 a )  to  lb) by emission of a photon with 

wave vector lying between ?and r+ d is given by 

dwi;= 1 2. x density of photon s t a t e s  

2 
where we have made the standard replacement: ' [2a6 (x)] 2n6 (x) . By virtue 



of the relation )c 1 = d c  (Appendix 11) , the probability of transition per unit 

sol id  angle is 

For simplicity, we  write w for w and define a dimensionless T matrix a s  ab '  

Equation 10 then becomes 

2 
where a = e /tic is the fine structure constant. 

Multipole Expansion of the Electromagnetic Field 

The vector and sca lar  potentials and + can  be  expanded into multi- 
2 

poles  (eigenstates of J ) in  terms of vector spherical harmonics F(') described 
JM. 

i n  Appendix 111. Details of th is  expansion can  be  found, for example, in 

Ref. 1 . Here we simply s ta te  the results 

Here,  c(') a r e  the expansion coefficients 
J M  

The sca la r  multipole fields + a re  given by 
JM 



where j is the spherical Bessel function of order J ,  and Y is the spherical  
T JM 

harmonic. The three multipole vectors -(') correspond t o  e lectr ic ,  magnetic, 3~ 
and longitudinal types for X =  +1, 0 ,  -1, respectively. They a re ,  l ike + 

JM' 
spherical  tensors of rank J and are  given by 

electric: 

magnetic: 

longitudinal: 

where 
T 

=jT-,(x) - ; jJ(x) , 

Define multipole transition operators 4t a s  

We can then rewrite the T matrix a s  

where the multipole transition matrix element MI(: is 

A s  a result ,  the  total  transition probability becomes 



J'M'X' 

By summing over the photon polarization 2 and making use of the 

orthonormality condition of the vector spherical harmonics (Appendix 111) we 

can  show that 

Thus, the total transition probability becomes 

Gauge Invariance o f  the Transition Matrix 

By virtue of gauge invariance of the electromagnetic field, it can be 

shown that for an electron moving in a local potential, 

* 
+(-I)* . T+ i +  la)  = o . (a ,  b) = (b 1 a ,M N S M .  JM 

The proof of this relation can be found in Refs. 1 and 2 ,  and will not 

be  repeated here. Physically this  means that there is no csntnib~ltion from the 

sca la r  and longitudinal photons, in accordance with the transverse nature of 

the  electromagnetic field.  A s  a result, we can always make a gauge trans- 

formation of the type 

where G is some constant, without affecting and hence the transition rate. 

Because of the parity selection rule,  however, magnetic multipole transitions 

(-I) have different parities ( see .~gpend ix  T I T ,  are  never affected, a s  4: and qM 
or for more detai ls ,  R e f .  1). Electric multipole transition operators , on 

the other hand, will be arbitrary up to a gauge transformation. Among infinitely 

many gauges suggested i n  Eq . 25, two are of particular interest: 



Coulomb Gauge: G = 0 
' This is a l so  known a s  the transverse gauge. The multipole transition 

opera tor qM in this  gauge is simply equal t o  . A s  pointed out i n  Ref .  2, 4~ 
electric dipole- (El) transitions calculated in  this gauge lead t o  the velocity- 

form results in  the nonrelativistic limit. For convenience, we shal l  refer t o  

th i s  gauge a l so  a s  the velocity gauge in  the following. 

Length Gauge: G = - 4 ( J  + l)/J 

This is equivalent to  replacing by 

where 

Nonrelativistically, this  leads  to the length form calculations for E l  
' 

transit ions,  a s  can be  seen  in  Appendix V. 

Reduction t o  Radial Inteqrals 
4 

The unperturbed election wavefunctions u ( x )  can be written in terms 

of 4-component spinors a s  

Here, n ,  K ,  and m are the  principal, angular and magnetic quantum 

numbers, respectively,  P and Q are  the large and small, components, a i ~ d  a ' s  

a re  the spherical  spinors 

with Clebs'ch-Gordan coefficients C(1 j; m- ppm), 'and Pauli spinors 



The total  transition rate W is obtained by summing over the final s t a t e  

magnetic quantum numbers rnb, and averaging over the init ial  s t a t e ' s  m a 

To. complete the  d iscuss ion ,  we reduce the  multipole transition matrix 

e lements  M(') t o  a sum of radial integrals. 
TM 

Magnetic. Multipole Transitions 

= i  d r j  (Wr)(PaQb+QaPb) l d ~ n +  ;..y'(~) Q . . 
J c - K  m JM K m a a b b  

According to angular recoupling f u ~  a ~ u l a s  given in  Appendix IV, we have 

where the angular recoupling function I is defined in  Appendix IV, 
- K  m K m JM 

and the  magnetic type radial integral is gfv& by 
b 

Electric Multipole Transitions .- 

Velocity Gauge 



Again, using formulas in  Appendix IV, we have 

where 

with AK = 
Kb - 'a 

Length Gauge 

+ +* 4 * 
= 1 ub ( y M  a - i b  ) U  d 

3 
JM a 

- - -i 
R' ( a h )  , 

'K m K m JM J 
J ( J + l )  a a b b  

where 

Conclusion , 

From Eqs. 32, 34 ,  and 36, we can s e e  that the multipole transition 

matrix elements can b e  written a s  



Since 

where 

and Ilp J l 1  is the  parity selection function defined i n  Appendix IV, the total 

transit ion rate ,  from E q .  3 1, then becomes 

In the above equation, + and - signs correspond t o  electric and magnetic multi- 

pole  transit ions,  respectively,  and ale givcn by corresponding radial 

integrals defined in ' ~ q s  . 3 3 , 3 5 ,  and 37. While there a re  sums over J and X 

in  Eq. 41, the above expression usually reduces to one or a few terms by virtue 

of angular and parity selection rules in the function AKJK, . 
We note in  closing that although this  discussion is confined .to one- 

electron systems only,  generalization to  many electron c a s e s  and multlcon- 

figuration calculations a re  straightforward i f  we make the independent particle 

appoxi.mation in  which u ( F )  is replaced by; one ur a wcighed s l im  of Slgter 

determinants. In these  c a s e s ,  E q .  31 for total  transition r a k s  still holds,  end 

the  angular recoupl.ing formula (reduction to radial integrals) between pairs 'of 

single-particle orbi ta ls ,  i , e. , Eqs. 32, 34,  and 3 6 ,  will not be  altered. 

1 .' A. I. Akhiezer and V. B. Berestetskii, Quantum Electrodynamics Ultersciencc , 
New York (1965). 

2 .  I. P. Grant ,  J .  Phys. BZ,  1458 (1974). 



APPENDIX I. Notations and Conventions 

Greek subscripts refer to  4-vectors and repeated indices  imply summa- 

tion. Some of the - v e c t o r s  used in  this  ar t ic le  a re  - 
x = ( x  , ' ict) 

LL 
position" vector 

.electromagnetic potential 

photon wave vector 
A 

E = ( E  photon polarization vector , .. - 
CL 4 - 

Y P =  ( Y I Y ~ )  Dirac matrices . 
. . + 

a = i y  y = ( a  ,i) 
- -  P 4 P t 

The Dirac matrices a re  defined in the usual  way,  in particular 

and the adjoint Dirac field operator is defined a s  

APPENDIX 11. Free-Photon Field 

The electromagnetic potential A sa t i s f ies  Maxwell's equation 
P 

and the subsidiary condition (also known a s  the Lorentz condition) 

+ 
Let a (a ) b e  the  creation (annihilation) operator of a photon y ,  

Y Y 
quantization of the free photon field over a volume V leads  t o  ( see  Ref .  1)  

+ - i k 0 x  
Eprak ,  a e ,  

. + C.C.  ] . 



From Maxwell 's  equation we have 

Another important relation comes from the subsidiary condition 

APPENDIX 111. Vector Spherical Harmonics 
2 Vector spherical  harmonics a re  eigenfunctions of J . They couple the 

angular  momentum L and the  photon spin S =  1 to  a total  angular momentum J a s  

where is the  photon spinor 
P 

Vector spher ical  harmonics sa t i s fy  the orthonormali ty  condition 

From 
JLM 

w e  can construct three new vector spherical  harmonics 

-- (XI A In particular,  the  f i rs t  two Y a re  t ransverse ,  i. e. , n ?(.A) (t)  = 
JM JM 

for X =  0 . 1 ,  while the  l a s t  one is longitudinal: f; x r(-'iA 
JM 

n ) = 0. Furthermore, 



T(') have definite parit ies (-1) '- 1' I , and they sa t i s fy  the orthonarmality 
JM 

conditions 

APPENDIX IV. Some Useful Formulas 

Some of the angular recoupling formulas used in the text are  given 

below: 
+ 

.f ' ~ m  ' K I ~  ,dn = ' ~ r n ~ ~ r n ~ ~ ~  ' (A 4-11 

where 

= I IKmK1mlJ~ - ~ m - K ' ~ ' J M  

x C( l1J j :m '  M m ) n I J I l  

nQJQ I is the parity  election function 

1 i f  l + J + I 1  is even (A 4.6) 

0 otherwise 

APPENDIX V.  Relations .Between Transition Rate, Absorption Oscillator Strength, 
and Line Strenqth 

In transition probability calculations,  i t  is often convenient to  deal 

with the l ine strength 



61~ahc 
3 

'ab = 7 C . 
m m JMX a b  

which is symmetric with respect to the initial and final s ta tes .  Transition rate 

W and absorption line strength f can then be expressed in terms of 
a-b b--a 

'ab as 

f - 2 m ~  --  'ab 
2 b-a 2jb + 1 

3.he 

For the E l  transition, S in the length gauge can be written, from 
ab 

Eq. 41,  a s  

W wT In the nonrelativistic limit, - -- 0 ,  and by' retaining the leading - 
C C 

terms in  the expansions of the spherical Bessel functions, we have 

2 w  
(= 1 (a ,  b) -- 1 (Papb + QaQb) rdr 

A s  a result 

This is just the relativistic analog of the length-form line strength for 

E l  transitions in nonrelativistic calculations. 





furthermore, we  use  Ihese in,teyration formulas for the calculation of the 

potentials 'as well  a s  the wave functions. 

The use  of higher order integration formulas poses  a special  problem. 

Namely, if these  formulas are used in  the most straightforward and obvious 

manner where one always calculates  the next point in a numerically tabulated 

function, they a re  inherently unstable.  A s  a matter of fac t ,  even the Numerov 

formula is already unstable for the calculation of the potentials; th i s  is, of 

course,  the reason that  the alternative,  two-step process is used in  currently 

available programs. 

However, i f  we  use  the Numerov formula, or  any of its higher order 

generalizations,  in conjunction with a Gaussian pivoting scheme, these 

inherent instabi l i t ies  can eas i ly  b e  surmounted. Using a particular integration 

formula resul ts  in  a system of difference equations replacing the differential 

equations.  This system of difference equations is then first  transformed by  

a suitably chosen Gaussian pivoting scheme before the solution is attempted; 

and the la t ter  then becomes a s table  process.  

In actual  practice,  the calculation of the Hartree-Fock potentials by  

this  method has ,  a t  this point, been fully tes ted.  With about 100 integration 

points ,  the potentials arising from I s ,  2s) and 2p orbitals have been calculated 

with the three-, five-, and seven-point formulas, yielding an  accuracy of 
-1 0 -12 

10 , and 10 , respectively. 

A second major improvement is achieved by treating the Hartree-Fock 

equations a s  a homogeneous l inear system of equations, rather than treating 

the integration of each  wavefunction as a separate problem. From this  vantage 

point,  the nature of the solution in the boundary regions r -- 0 and r -- 00 

becomes much more transparent. In the process ,  the concept of a Wronskian 

for a single second-order differential equation is generalized to a Wronskian 

matrix . .... for a system of such equations; and the la t ter ,  in  turn, l eads  t o  the  

definition of cannonical solution sets, for which the Wronskian matrix assumes  

a particularly simple form. It is gratifying that  i n  the boundary regions r-- 0 

and r-- the  most natural solution s e t s  a r e  canonical sets. 



A s  already intimated, in the boundary regions the solutions can be  

obtained in analytical form. For r -- 0, the solutions permit series expansions, 

and for r +  0 0 ,  they permit asymptotic expansions. In a computer program now 

being developed, the expansion. lengths can be  chosen by the user  a s  run-time 
.. . . . .  .. . .. . . . . . . . ._ _ _  _ .. . . . . . .. . ... . , 

parameters. Of course, the actual points a t  which origin and ta i l  expansions 

take over, and' match points for orbital energy adjustments, a s  well a s  a l l  

relevant tolerances and maximum counts for iterative processes,  are  a l so  

run-time parameters under control of the user. 

A computer program implementing the analysis a s  outlined above is in 

a n  advanced state  of preparation. The calculation of the Hartree-Fock 

potentials,  a s  well a s  the determination of the origin and tai l  expansions of 

the wavefunctions, has a t  this time been checked out and thoroughly tested.  

A complete operatilly program should be available some time in the fa l l  of 

1978. 



S. .T .  Manson, ' J.  L. Dehmer, and M. Inokuti 

Various properties of atomic ions have been studied extensively using 

Hartree-Slater wavefunctions . Among the  quantities calculated are  dipole 
v 

matrix elements and osci l la tor  strengths,  and' (r ) for -3 r v 5 2; these  bas i c  

quant i t ies  a re  related t o  a number of measurable properties, such a s  polar- 

i zab i l i ty  , magnetic susceptibil i ty,  and spin-orbit coupling. An outstanding 

feature  of the  resul ts  is that  a l l  of the  above quantit ies for ' inner she l l s  are  

virtually unaffected by remsvtil u1 uular slicll electrons. The implications 

for  ion-atom collision experiments are  discussed and the  systematics 'of the  

variation of these  quantit ies over Z and N are  presented. 

-- - -- -- -- - -  -- 

* 
Abstract of a contributed paper presented a t  the Mth Annual Meeting of the 
Division of Electron and Atomic Physics,  American Physical Society, 5-7 
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ENERGY DEPENDENCE OF ATOMIC QUANTUM DEFECTS THROUGHOUT THE 
DISCRETE SPECTRUM 

* 
C. Greene and J.  L. Dehmer 

Recent efforts t o  map out the behavior of 'the atomic quantum defect 
function a s  a smooth function of energy throughout the discrete part of the 
spectrum are summarized. 

Introduction 

Efforts to reduce and unify the  data  provided by atomic spectroscopists 

have inspired the development, in  the course of twenty years ,  of the quantum- 

defect method (QDM) . The QDM serves to classify atomic properties in 

terms of a minimal s e t  of parameters whose energy dependence tends to be 

weak. The simplest application of the QDM is to  the single-channel problem, 

in which the outer atomic electron possesses  a ~ y d b e r g  ser ies  of energy levels  

converging to  a single ionization threshold, I For this'  problem the minimal 
0 ' 

set of parameters consis ts  of the ionization threshold value I, and a quantum 
2-4 V 

defect p for each partial wave. Previous studies have made extensive use  
1 

of  the near energy independence of each p regarding i t  a s  a constant or  a s  a 
8 

l inear function of the electronic energy €. While this approximation is good 

near the ionization threshold, drast ic  departures a r i se  a s  E decreases  beyond 

the lower limit of a Rydberg ser ies ,  where 9 (E)  assumes a sawtooth energy 

dependence. In this report we attempt to identify characteristic c l a s ses  of 

behavior of the quantum defect  function p .(E) , illustrating our qualitative 
P 

expectations with quantitative examples. 

Summary of the QDM 

The primary assumption of the QDM is that the outer atomic electron 

moves in  an average radial potential field V(r), which behaves asymptotically 

* 
Department of Physics ,  The University of Chicago; Guest  Graduate Student 
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a s  an  attractive Coulomb potential V (r)=-l/r. In atomic units the radial 
0 

Schrodinge'r equation for this electron is 

Pl1(r) - [ 1 + 2v(r) - 2~ ~ ( r )  = o . 
r2 I (1) 

where 'primes denote differentiation with respect 'to r. A pair of reference or 
* 

comparison functions (f,g) can be defined a s  regular and irregular solutions 

to E q .  1, with V(r) replaced by the Coulomb potential V (r). Provided that 
0 

V(r) = Vo(r) for r larger than some finite radius r the wavefunction P(r) in  
0'  

the outer region can be  written a s  

P(r) = a[f(r) cos  IT^ - g(r) s in rp ]  , r L r  
0 (2) 

where a and p are constants.  In order tor the electron to be bound, its wave- 

function must tend to  zero a t  large r. Defining the effective quantum number 
1 -2 v by  E = -F v the asymptotic expansions of the Coulomb functions below 

threshold are: 

f (r) = u(r) sin ITV - v(r) cos .rrv (3 

. g(r) = -u(r) cos ITV - ~ ( r )  s i n ~ v  , 

where 
-v r/v 

u- const x (2r/v) e r > > v  

it -r,/it 
v.- cons t x (2rjv) e r > > v  

Upon substituting these expressions into Eq. 2 and requiring the coefficient 

of u to vanish,  we find that for bound s ta tes  sin.rr(v+p)=O, or v + p = n ,  a n  

integer (it turns out that n - B - 1 is the number of radial nodes of ~ ( r ) ' ,  a s  for 

the one-electron atoms). This bound-state condition, which was ,  first 
1 

derived by Seaton in 1958, allows us to discuss quantum defects and phase 

sh i f t  synonymously. Its usefulness in classifying spectra stems primarily 

from the near constancy of p within a Rydberg ser ies .  In the remainder of this 

* 
The functions (f,g) of this report are defined by the German-type comparison 
functions .of R e f .  5 .  



report we look more closely a t  the' quantum-defect energy dependence, partic- 

ularly focusing on non-Rydberg spectral ranges where p varies sharply with E .  

Radial Phase Functions 

The language of the phase-amplitude method (PAM) is especial ly  

suited to the  ensuing discussion. The PAM treats  p and a a s  r-dependent 

functions inside the core,  r l r  s o  that the validity of Eq. 2 extends to  a l l  r. 
0 5-7 Here we are  parti.cularly interested i n  p(r) , 'which sat isf ies  the nonlinear 

first-order equation 

2 r 2 rr (r) = w(f.g) [ dr' PO (r') - V(rl)] [f(rl) cos.np(r') - g(rl)  s in  np(rl)] , 

(7) 

where W(f, g) = fg' - . f l g  is the position-independent Wronskian of the  compari- 

son functions. In Eq. 7 note that if the potential difference U(r) = V (r) -V(r) 
0 

is of constant s ign,  a s  for the Hartree-Slater potential used in the calculations 

below, then p(r) is a monotonic function. Also, points of inflection of p(r) 

correspond t o  nodes of P(r) , a fact  which is crit ically important in the analysis  

below. While Eq. 7 for p depends on the three functions f ,  g , and U, a n  

alternative expression in terms of f , g , and P is especial ly  convenient for 

describing the energy dependence of .p(r). The functional form, which is an 

immediate consequence of the "cons traintF equation7 used in deriving Eq. 7 , 

is simply 

This expression for  p(r) is equivalent to the solution of Eq. 7 if we adopt the 

modulus-determining provisos that p(r) be  continuous and that p(0) = 0. 

Equation 8 is useful  because the three functions f , g ,  and P have kell-under- 

stood energy variations and because the functional form is simple. The 

computations of p discussed below were performed b.y integrating Eq. 1 using 

the  Numerov method; p(r) was  then found directly from Eq. 8. This procedure 

bypassed complications involved in  the direct solution of Eq. 7 ,  which arise 

a t  radii where p increases  rapidly by very nearly unity over a small range in 

r. This slep-like behavior of p(r) is exaniiiied in  detail below. 



Since w e  are considering the  quantum defect  a s  a difference between 

the  phase  of P(r) and the  reference function phase ,  it is. convenient to intro- 

duce  one more definition, that of the  phase of any radial function P(r) as 

cot  +,(r) = P1(r)/p(r) . 
(Note that ,  according t o  th i s  definition, + is a multiple of n a t  each  node 

P 
a n d  a n  odd multiple of  IT/^ a t  each antinode.) In terms of such phase functions,  

Eq. 8 can be  rewritten as 

cot  +p - cot  + 
tan .rrp = 

f f . - 
c o t +  - c o t +  

P g 9 

For purposes of quali tative discussion,  th i s  can be  approximated by 

provided that f and g osci l la te  roughly 90° out of phase.  [Equation 11 is 

exac t  i f  f and g sa t i s fy  f =  g ' ,  f '  = -g.  ] Thus our picture of .rrp a s  a phase dif- 

ference is reinforced. I t  is useful t o  explore further the behavior of the radial 

phase  functions +, as they will  play a central  role i n  our ana lys i s  of the 

quantum defect function p (E: , r) . The overall energy dependence of these 

p h a s e s  is wel l  understood. For example, it is wel l  known that the  position of 
8 

a n y  node monotonically decreases  as the  energy e increases .  In fact, we 

can be  still more explicit  about the phase function energy dependence. 

Combining Eq. 9 with Eq. 1 yields 

d + ~  - -  2 2 
d r  

- c o s  + + 2T(r) s in  +p 
P 

2 
where T(r) = E - 1 (1 + 11/21 - V(r) i s  the local  kinetic energy. 

Equation 12 permits a clarification of the phase function behavior. 

Three a spec t s  are  most relevant to our purpose. First ,  we address  the de- 

pendence of Op(r) on T(r) . This encompasses variations of + as a function 
P 

of e l  of 1, and of V. Given two alternative expressions for T(r) such  that  

TI (r) 2 T2 (r) for all r ,  the  resulting phases  a re  ordered a s  well ,  meaning 

(r) 2 + (r) for all r [provided, of course,  that  (0) = +2 (O)] . The monotonic 
2 



decrease of node positions a s  a function of E (but a t  fixed 1 and V) is a 

specific example of this phase ordering principle. Similarly the phase de- 

creases a s  B increases and, conversely, it increases when the potential V is 

made everywhere more attractive. Second, we note that the phase function 

+ (r) increases in a step-wise fashion in  regions of larqe kinetic enemy T(r). P 
In such regions the phase increases relatively slowly a t  the nodes of P, where 

d + d d r =  1 ,  but quite rapidly a t  the antinodes, where d + d d r =  2T,(r). This 

behavior gives r ise  to  rapid small-r jumps in p (r) . Finally, we -examine the 

behavior of + (r) in regions of space where T(r) goes through zeKo and approaches 
P 

a negative value a t  large r. This corresponds to  the present problem involving 
1 -2 electronic energies below threshold, with E = -z v . Inspection of Eqs. 2-6 

shows that a t  energies where the electron is not bound, the phase + approaches 
P 

the Coulomb phase + at larger r (actually they only approach one another 
u 

modulo IT). That i s ,  

for v # v ', m 

where the inverse cotangent is chosen to  lie between 0 and IT. ,In Eq. 13 m is 
1 -2 the number of radial nodes. A t  the bound energies ( E  = -z  vm) , though, Op m 

approaches +v, implying 

-1 1 - mn - cot (,; ) , +P r >>v 

Each of these  three features is present .in the s-wave phase functions 

nf atnmio potassium. Figure 1 shows Op a s  a function of r a t  four sample 

energies in the immediate neighborhood of -an .eigenvalue of Eq. :l. First we 

see the ordering of the phase a s  a function of energy. At  any given radius 

+ decreases a s  v decreases.  Second, the step-like increase of v a t  small 
P P 

r is :evident in the jump centered a t  r - 0.05 a .  u. ; this corresponds t o  an 

antinode in the radial wavefunction P. The second s tep ,  located a t  r - 0.32 

a .  u. , is significantly less sharp since T(r) in Eq. 12 is considerably smaller. 
- 1 

Finally, the phase behaves a syrnp totically a s  expected, approaching 2 IT + cot 
-1 

(l/v) a t  energies just above the eigenvalue , while approaching a + cot (l/v) 

a t  energies aliqhtly below the eigenvalue. At the eigenvalue itself 



-1 
(vm - 0.192 3 3 5) .  +p will  tend toward the l ine  2n -cot (l/v) , a s  was  antici- 

pated above.  A remarkable feature in  Figure 1 is tha t  a very small change in  

v produces such an abrupt change in  the large-r behavior of + '  causing a 
P 

%- 

z- 
I= 1' - 
8 

0- d 

'K' 
0- 

dramatic variation in  the quantum defect p in  this energy range a l so ,  a s  we 

d i s c u s s  below. 

~. 

v = 0.220 
............. 

............. 

Variations of r ~ .  with Radius 

The features of phase function behavior noted above facil i tate a de- 

tailed examination of p ( E )  for discrete  atomic spectra .  We begin by examin- 

ing the  radial variations of the quantum defect. Figure 2 shows p a s  a function 

of r ar TWO fixed energies (E = U , -10 a .  u.) , calculated for s waves of atomic 

potassium with the Hartree-Slater model potential. For now, c o n s i d e r  t h e  

zero-energy (dashed) curve of Figure 2 .  The rapid jump of the quantum defect 

at r -- 0.05 a .  u. is quite similar to  the small ,r jump of the  phase function 

+ (r) i n  Figure 1. To understand this  recall  our picture of the quantum defect 
P 

a s  a phase difference (Eq. 11). The phase of the comparison function + (r) 
f 

is determined in Eq . 12 .. with T(r) replaced by a Coulombic To (r) . A t  small r 

t he  atomic kinetic energy is much greater than the unit charge couiomb kinetic 

energy. Accordingly, + (r) increases  much more rapidly than -+ (r), and the 
P f 

g ros s  behavior of np follows that of + very closely.  On the other hand, a s  r I' 
i nc reases  through the r e s t  of the atom, T(r) and T (r) come closer  in magnitude. 

0 

FIG. 1 . ' - -~ad ia l  phase  functions 
+p (r) calculated for s -wave atomic 
potassium at four values  of the  
effective quantum number v. The 
dashed l ines  repre sen t  +p = 2 T + 
cot-I (l/O. 22) and n + cot-I 
(1/0.2 2) . Note the  dramatic 
changes. in  +p a s  v sweeps out 
a tiny range centered on an  eigen- 
va lue  of E q  . 1. 
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FIG. 2 .  --Radial dependence! of the s -wave 
quantum defect function of potassium: 
p(r) w a s  calculated a t  two energies 
(0 and -10, a .  u .) using the Hartree-Slater 
model potential. 

s o  that  Op and Of increase at a more nearly comparable ra te .  A s  a resul t ,  the  

s t eps  in  p(r) become less abrupt and smaller a t  successively larg!er radii ,  

unti l  a t  r - 2 . 3  a .  U.  the antinode of P produces an  increase in p of only about 

0 .1 .  The E = 0 curve for p(r) typifies the Rydberq spectral  range which extends 

from E = 0 to  roughly E = -0.15 a .  u. for the alkali  metals.  

The upper solid curve of Figure 2 represents p(r) calculated a t  E = -10 

a. u . , an  ener.gy far below the Rydberg range. Still., the small-r behavior of 

p is affected very l i t t le  by the considerable energy change. This is not 

surprising, s ince  a t  r -0.05 a .u . a change in  E of 10 a .  u .' is small  relative to 

the  value of T(r) , which is roughly 400 a .  u .  a t  that  dis tance.  The outer jump 

in  the E = -10 a .  u .. curve (near r 0 .8  a .  u .) contrasts  strongly wi,th the slower 

and smaller s tep  which occurs in  the E = 0 quantum-defect curve at the same 

radius.  At first  s ight  th i s  is surprising. Both 4 and + a t  this  energy in-  
P f 

c r ease  more slowly with r than a t  E = 0 because of the phase-ordering principle 

d iscussed  after E q .  1 2 .  S o ,  the extreme sharpness  of this  outer s t ep  in  y (r) 

is only possible  when the approximation inherent in  E q .  11 breaks down 

completely. Then we  must return to the exact E q .  10 t o  acquire a full  under- 

standing of these unusually rapid s teps .  



Variations of p with Energy 

Since the  structure of p(r) can vary strongly from one spectral  range to 

the  next ,  it is appropriate to examine the energy dependence of p explicitly. 

Figure 3 shows p (at a fixed radius r = r  ) a s  a function of the effective quantum 
0 

number v  for four neutral atoms ranging from Z = 11 to Z = 19. These s-wave 

quantum defec ts  were calculated over a broad spectrum, ranging from -136 

keV a t  the le f t  portion of Figure 3 to -0.136 e V  a t  the right edge. The potassium 

quantum defec t ,  shown as the sol id ,  uppermost curve, is the quantity of 

primary interest .  The three curves representing the quantum defects  of other 

atoms should b e  ignored for now; they will  be d iscussed  briefly later. One 

feature of Figure 3 should be  kept in mind. That i s ,  although a continuous 

curve is drawn for the energy dependence of p ,  the only physically observable 

bound s t a t e s  of a given atom occur a t  intersections of the p curves with the 

dashed  l ines  p + v = n.  I t  is helpful,  however, t o  suspend application of the 

large r boundary condition, as we have done here ,  and t o  calculate p con- 

tinuously below threshold; this conveys a clearer picture than would a small 

number of separated points , i . e. , a t  the discrete  eigenvalues . In addition, 

the  energy normalization of P depends on the derivative a p / a ~ ,  which is more 

difficult to  estimate if the  quantum defect is calculated only a t  the bound 

s t a t e s .  

FIG. 3. --The s -wave quantum defect 
a t  r = r o  a s  a function of the effective 
quantum number for sodium (. ... ) . 
aluminum (- . - . ) , phosphorus (-- . . --) 
and potassium (-). The grid of 
dashed l ines represents p+ v =  integer,  
which would appear a s  straight l ines  
if the v ax is  was  l inear instead of 
logarithmic. The quantum defect for 
each atom is level  at  the right of th , 
figure,  and a s  v decreases ,  each  
converges to  one of the l ines  v  + p=n. 
Each quantum defect  experiences one 
or  two rapid jumps of -1 a s  v  decreases  
until v -- 0.05 5 ,  below which the four 
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I t  is instructive to  trace out the potassium quantum defect  and t o  

identify the main features of interest .  A dis t inct  class of behavior dominates 

the right-hand portion of Figure 3 ,  from v - 2 t o  v = 10,  where p deviates  very 

little from its threshold value p ( ~  = 0) = 2.177. We denote this  near  energy 

independence of p near threshold as the Rydberq class of behavior. A rather 

different class pers is ts  throughout the left-hand section of this  p lo t ,  s a y  from 

v = 0.0 1 to  v .U 0 .6 ,  In this  region of large negative energies p s t ays  very 

rigidly on top of the dashed family of l ines  representing v+ p=integer.  This 

is typical of the low-v class of behavior. Nonetheless,  two obvious and 

dramatic exceptions to  this  behavior appear i n  Figure 3 a s  rapid unit changes. 

of p occurring near v = 0.19 and v=  0.055. We will  see below that these  

changes resul t  from the striking energy dependence of + (r) observed in  Figure 
P 

1 a t  energies i n  the immediate neighborhood of an  eigenvalue of Eq. 1. 

Finally,  there is a transition region between the two c l a s s e s  of behavior, 

which extends from roughly v N 0.6 t o  v - 2 for the potassium quantum defect 

function. 

These two dominant c l a s s e s  of quantum defect behavior warrant 

separate  analyses .  Initially we d i scuss  the more familiar Rydberg class; for 

most atoms p is nearly independent of E a t  all discrete  leve ls  above' the 

ground s t a t e  . This energy independence a r i ses  for two main reasons.  First 

the phases  + and Of are individually insensi t ive to changes in  E (less than 
P - 0 .15  a. u .  ) for r 5 1, where T(r) and the Coulombic T (r) a re  both much 

0 
greater than 1 E I . Second, in  the outer portion of the core ( r 2 1) , where the  

kinetic energies and E a re  more comparable, T(r) merges closer  to  T (r) and 
0 

the energy dependence of + and + partially cance l  i n  Eq. 11. A similar 
P f 

partial  cancellation in  the radial derivative of the quantum defect was  noted 

ear l ier ,  and is responsible for the near constancy of p throughout rJ 1 in 

the E = 0 C U ~ V C  of Figure. 2. 

Next we  turn t o  the low-v c l a s s  of behavior of p (E , r) . A t  small r ,  

where r /v >> 1, the Coulomb comparison functions (f , g) begin to  assume 
0 

their  asymptotic forms within the atom. This is the important difference between 

the two c l a s ses .  Then the alternative Coulomb solutions (u, v) defined i n  



Eq. 3 and Eq. 4 a r e  more appropriate for discussion,  and Eq. 8 becomes 

W(v, - cot $p - cot  +v 
- v 

tann(v+p)  = . -  
W(u, P) cot + - cot Ou P 

u 

For large r/v, a s  is the case here, (u,v) a re  exponentially rising and falling 

functions and this ratio of Wronskians is of the order e -2r/v 
except where 

cot + M cot +u. This behavior explains the  tendency of each curve of Figure 3 
P 

to remain rigidly on top of the dashed ' l ines  y + p = n  at low-v. Note that i t  is 

not surprising for v = 1 to  mark the on set of low-v behavior; for 1 = 0 that is 

the energy at which the l a s t  Coulomb node moves to  infinity and below which 

( f ,  g)  begin their asymptotic growth within the core (i. e. , for r < r ) . Then 
0 

v + p --n, to within an  exponentially small number. This concept breaks down, 

however, when P'/P = ul/u (recall that  u'/u - l/v for r/v >> 1). If this  

cr i t ical  value of co t  + -- l / v  is attained with increasing r ,  then tan n(v+ p) 
P 

changes from nearly 0 to 00 and back to  nearly 0 over a n  incredibly small 

dis tance.  This i s ,  in  fac t ,  the cause  of the rapid outer radial s tep  in  the 

e = - 10 quantum-defect curve of Figure 2. 

It is highly instructive to  compare p(r) with + (r) at this energy. The 
P 

potassium phase  function + at e = -10 a .  u. is represented by  the uppermost 
P 

(v = 0.22) curve of Figure 1. A s  noted above, the f i rs t  s tep  in  p (r) follows 

the  f i rs t  s t ep  in  + (r) quite closely. The second s teps  of p and of + are  a l s o  P P 
qualitatively similar. But the l a s t  s tep  in  p (r) does not correspond to any 

step-like feature in  + (r) . In fact,  that rapid l a s t  jump in  p IS caused cntiroly 
P - 1 by the  seemingly innocuous crossing of + (r) with the  horizontal l ine Z I T  + cot  

P 
(1/0.22) a t  r =  0 .8 ,  which zeroes the denominator of Eq. 15 .  

By looking at the other phase functions in Figure 1, it is possible to  

understand what happens to p as the energy is lowered from just  above the 

eigenvalue at vm= 0.192335 to  just below it. A s  v is lowered from 0.22, the  

last node (the point where +p(r) = 2n) moves monotonically outward. Similarly 

the radius at which p undergoes a rapid outer unit s t ep  [where + (r) c rosses  
- 1 P 

the l ine  ZIT + cot (l/v)] a l s o  moves steadily outward. If v is decreased 

further, a crit ical  value Vcr will b e  reached, a t  which this crossing of cot  + P 



and  co t  + occurs precisely a t  the dis tance r where the atomic potential be- u 0 
comes Coulombic (the position r is defined quite exact ly  i n  the .  Hartree -Slater 0 
approximation). A t  v = v i t  is c lear  that  co t  + and co t  + must a l s o  coincide 

c r P u 
a t  larger r ,  s ince the Wronskian W(u , P) must be constant for r 2 r For v < v 

0 ' c r  
th i s  rapid outer s t ep  i n  p(r) will b e  absent ,  s ince  + never reaches  the l ine  P - 1 
2~ + cot ( l / v )  , though it does  s t i l l  approach i t  asymptotically from below. It 

is a t  v = v that  the jump in  p . as  a function of v occurs (for the potassium curve 
c r  

i n  Figure 3 ,  v - 0.192335). A further decrease in  v eventually c a u s e s  the 
C r 

outer  radial  'node of P t o  move to  infinity when the actual  eigenvalue v = v is 
2 

reached. Here and a t  successively smaller v the quantum defect  remains fixed 

to the curve v + p = 2 ,  until near v = 0.055 a' similar scenario is enacted.  
1 

Numerically the two values v and v a re  s o  c lo se  a s  t o  be indist inguishable 
c r  2 

(at l e a s t  t o  within s i x  significant digi ts) ,  a consequence of the lightning speed 

of outer node progression a t  energies near  eigenvalues of the differential equation,  

Eq. 1. Below the f i r s t  eigenvalue a t  v - 0.055 the radial  wavefunction P(r) h a s  
1 

no nodes,  its phase + (r) h a s  no more rapid changes with energy, and p remains 
P 

fixed to the l ine  v + p= 1 a s  E -- -00 . 

Summary. 

We have investigated the structure of the single-channel s-wave quantum 

defect  p a s  a smooth function of the  energy E of the outer electron.  Below the 

ionization threshold there a r e  two notable c l a s s e s  of behavior of p (E , r) . Within 

the  Rydberg c l a s s  p is nearly independent of energy; a l s o ,  p increases  with r 

slowly and smoothly in  the outer portion of the ionic core. This ,may b e  con- 

trasted with the low-v. c l a s s  of behavior, which is characterized by p remaining 

fixed rigidly to  values  p = n  - v ,  where n is an integer. The rapid variation of 

the phasg + of the electroiilc wavefunction a s  the energy decreases  through a 
P 

discrete  level  induces  a rapid unit drop of p .  The radial structure of the  quantum 

defect is a l s o  quite different i n  the low-v c l a s s ,  which is manifested by rapid 

unit  s t eps  in  p a s  a function of r in  the outer portion of the  ionic  core.  These 

two dis t inct  classes of behavior a re  separated by a transition region around 

v - 1 i l l  which p i c  more difficull to d i scuss  quali tat ively,  but which occurs 

a lways a t  v - 1. 
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The numerical work discussed above consisted of detailing these 
1 

features of the  quantum defect behavior for a single atom and partial wave 

(potassium, s-wave) . The tools of analysis apply readily, however, to a 

discussion of different atoms and higher partial waves. An indication of the 

Z-dependence of p (E) is embodied in t h i  quantum defect curves plotted in 

Figure 3 for four atoms ranging from potassium to sodium, although some of 

the details may depend strongly on the model chosen for V(r). Clearly, a s  Z 

decreases from 19 to 11 the potential seen by the outer electron decreases in 

strength, and an  overall decrease in p with decreasing Z is expected. The 

specifics of this  decrease in p i-emaln tu be explained, particular1.y in the 

! transition region between the Rydberg and low-v c lasses  of behavior, but 

they should be access ib le  within the framework discussed in this report. An 

investigation of this topic and a similar analysis for higher partial waves will 

be  published a t  a later date. 
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OSCILLATOR-STRENG TH MOMENTS , STOPPING POWERS, AND TOTAL INELASTIC - 
SCATTERING CROSS SECTIONS OF FAST CHARGED PARTICLES FOR ALL NEUTRAL 
ATOMS THROUGH STRONTIUM* 

Mitio Inokuti, T. Jjaer, J .  I,. Dehmer , and J.  D . Hanson * 

Systematics of the atomic properties named in  the t i t le and of other 

related quantities (e . g . , mean excitation energies for straggling) have been 

comprehensively studied. Our calcula.tions a re  based on a single-electron 

approximation using the Hartree-Slater central-field potential-a model that 

represents a reasonable compromise between two goals ,  i. e . , a sensible  

description of the major features of atomic dynamics and an economical 

computational scheme indispensable for a n  exhaustive survey of many atoms. 

Our results not only quantify the general trends of the atomic properties 

expected from the periodic table ,  but a l s o  provide a useful guide t o  experi-. 

ment (on atoms for which no  other data  are  available),  to  theory (for which we 

suggest several aims of more advanced ana lys is ) ,  and to  applications includ- 

ing radiological physics and charged-particle microscopy. 
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INEQUALITIES THAT BOUND MEAN EXCITATION ENERGIES WITH RESPECT TO 
THE OSCILLATOR-STRENGTH DISTRIBUTION 

Mitio Inokuti 

The logarithmic mean excitation energies,  which determine the total 
inelastic-scattering cross  sec t ion ,  the stopping power, the straggling for fas t  
charged part ic les ,  and other atomic or molecular properties, are  bound from 
above and below by moments of the oscillator-s trength distribution. 

Consider the  moment 

s (p) = [ ( d f / d ~ )  E%E 
< 

and the  quantity 

where df/dE is the oscillator-strength distribution as a function of the 

excitation energy E measured from the ground s ta te  of any atom or molecule. 

The integrals include contributions of sums over discrete spectra.  The mean 

excitation energies I(p) of various orders p, defined by 

1-4 
a r e  crucial t o  many properties of the atom or molecule. For example, 

I(-1) appears in the expression for the total  inelastic-scattering cross sect ion,  5 

1(0) in  the famous Bethe formula for the stopping power, I ( l j  in the Fano 
2 

formula for straggling, and I(2) in  the expression for the Lamb shift of energy 

l eve l s .  
1 

Precise calculation of L(p) , in  general,  requires the complete knowledge 

of df/dE over the entire spectrum. By contrast ,  S(p) values for p= 2 , 1 , 0 ,  

-1,  - 2 ,  -4, -6,  . . . are either calculable a s  certain ground-state expectation 
1-4 

values by virtue of sum rules ,  or d e i v a b l e  from" experiment. Therefore, 

it is useful to  explore means of mathematically relating L(p) with S(p) and 

thereby estimating L(p) without t h e  knowledge of full df/dE. A s  an example 

of appioaches in  th is  direction, one may f i t  the S(p) data  a s  a function of 



continuous variable p either graphically or analytically and obtain L(p) = 
6-9 

d S (p)/dp as the slope of the S (p) vs  . p curve. A second approach is to  
. . .  

use the moment theory. lo It  is the purpose of this  note to  point ou t  a set of 
. . 

simple and general inequalit ies useful for studying L(p). 
! .. 
-. . . I t  is possible to  show that - * . ,  . % 

for  any  p < 1 . 5  (i. e .  . undei the condition that a l l  the quantities in  the 

inequalities a re  well  defined), s o  long a s  df/dE is non-negative £or any 

E > 0. The equality results only if d f / d ~  degenerates into a single-line 

spectrum of the form 6 (E - E ) , E being a constant. 
0 0 

The inequalities (4) can be  proved by use  of Jensen 's  theorem concern- 

ing convex functions. 
11 

Table 1, demonstrates the inequalit ies for p=  -1 and p= 0 by u s e  of 

data  on H, He, and Ne . l2 l 3  It is seen that  1(0). and especially I(-1) , 

are bound rather tightly by the inequalities . Further, the t ightness of the 

bounds for other rare gases  is readily found by inspection of Table I1 of Ref. 3 .  

The inequalit ies often permit a quick estimate of the mean excitation energies,  

especial ly  for light atoms and molecules . 

Table 1. T e s t  of t he  inequal i t ies  for H ,  H e ,  and Ne 
a toms.  A l l  the  va lues  of S(p) and L(p) used  
here a r e  defined by Eqs. 1 and 2 with exc i ta -  
t ion energ ies  E measured i n  uni ts  of t he  Rydberg 
energy (13.606 eV). Entries for e a c h  column in-  
c r e a s e  s teadi ly  a s  one  goes  from top t o  .bottom, 
according t o  t he  inequal i t ies .  

Terms in  the  Atoms 
inequal i t ies  H He Ne 
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ADDENDA: INELASTIC COLLISIONS OF FAST CHARGED PARTICLES WITH ATOMS 
AND MOLECULES-THE BETHE THEORY REVISITED [Rev. Mod. Phys. 43, 297 
(1971)] * 

t Mitio Inokuti, Yukikazu Itikawa, and James E.  Turner * 
Since the appearance of the t i t le  paper,  a number of new developments 

have occurred which need to  be  included in  that body of material. We present 

additional remarks and clarifications which supplement and update numerous 

a spec t s  of the Bethe theory discussed in the earlier paper. We a l s o  bring the 
3 

bibliography up to date .  Plasma stopping power, the z effect,  and stopping 

power for particles a t  extreme relativistic energies are  among the  new topics 
1 

included. We a l s o  make several comments on Fano's earlier review article. '  
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Michio Matsuzawa,  ' Seiji Mitsuoka, * and Mitio Inokuti ..' 

Consider the  integrals of the form factor F (K) over the  momentum 
nm 

transfer  fiK, i.e. 

where 

F (K) = 1 e 
i K * r .  

nm "nm 
(T)dTc , 

a is the Bohr rad ius ,  E iS a s111al1 positivc parameteri 1 1  i s  an  integer,  and 0 

'nm (F) is t h e  transition densi ty  of the  atom (or molecule). The cases with 

p I 0 ,  where one  can put E = 0 ,  have been treated by various authors.  (for 

example,  see R e f .  1 .) Here w e  d i scuss  the  integrals for y 2 0 ,  such a s  

y = - 3 ,  which is c lose ly  related to the Bethe asymptotic c ross  sect ion.  We 

a s s u m e  that the  atoms (or molecules) a r e  either spherical  or randomly oriented. 

Under t h i s  assumption w e  can  write expression 1 with y = -2v -1 b y  changing 

the  order of integrations.  The result  is 

v - 1 
2i 

Hn,(-2v - 1 €1 = - 1  ( ( a  )nm/{ 2 (Y  - i )  (2i +,I)  ! (eaO) 
2v - 2i 

i= 0 
1 

- - 
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and Atomic Col l is ions ,  Paris, July 1977, A full account of the work is being 
prepared for publication. 

Department of Engineering Physics ,  The University of Elactro-Cornmunications, 
Chofu-shi, Tokyo, Japan. Visiting Scient is t  a t  ANL, 1972-1974. 

*Nippon Electric C o  . , Ltd . , Minato-ku , Tokyo, Japan. 



function. For p= -2v.  similar procedures show that Hn (-2 v , E) can be expressed 
2 i  

in terms of ( (wag)  ),,(i=O, ... v -  1) and ( (wag)  
2v - Y 

) . In Table 1 we 
nm 

summarize our results. The integral for p= 0 is proportional to the exchange 
1 

integral, a s  discussed by Lassettre and Dillon. The integral for p= -3 is the 

most interesting because total scattering cross sections can be written in 

terms ,of i t .  In general, one can identify each integral a s  a simple atomic (or 

molecular) property. 

Table 1. Operators Characterizing Integrals Hnm(p, E) 

P Operator Remarks 

0 (n/2 (wag) -' Exchange integral 

Polarization (of lights emitted after 
collision) , average deflection (of a 
charged-particle beam) 

-2 ( d 4 )  (Wag) 

- 3 (1/6) ( R h o )  21n ( R h o )  Total cross section, average deflection 
e. 

-5 
" 4 

(1/12 0) (wag)  1" ( R h o )  Polarization, average deflection 

2 
A previous report applied the integral for p= -3 to the total cross 

section for elastic scattering of fast  charged particles. Similarly, the total 

cross section a (v) for inelastic scattering can be written in terms of 
nm 

H (-3.Kmtn), i .e .  , nm 

where hKmin is the minimum momentum transfer. and v is the velocity of the 
2 

incident particle, and M is Ihe squared dipole matrix element measured in 
nm 



2 2 
atomic units.  Here w e  have used the relation ((Wa ) ) = 6 M . 0 nm nm 

' 

Equation 4 expresses  the cross  sections in terms of the transition 

dens i ty  directly,  and thus bypasses  the form factor. This may be  advantageous 

i n  some numerical computations because some theories can produce the transi- 

tion density (as opposed to  wavefunctions) of atoms and molecules. (For 

example, s e e  Ref. 3. ) 

For the hydrogen atom we have 

2 I. for 1 s-2p excitation 
(1/6) ( (wag)  In (Wag) ) = 

212/(5 x 3'') for 1s-2s excitation , 

in  agreement with the standard calculation, making use  of the form factors. 
4 

Using Hartree-Fock wavefunctions , we have computed integrals for the  e las t ic  

scattering of the f i rs t  row atoms in the periodic table and some excitation cross  

sec t ions  for helium. 
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INTERPRETATION OF AVOIDED-CROSSING PATTERNS OF THE MAXIMUM- 
AMPLITUDE TRAJECTORY FOR LOW-ENERGY L i + - ~ e  SCATTERING * 

t Smio Tani and Mitio Inokuti 

+ The low-energy phase shif ts  in  the Li  -He scattering are investigated 
in  detai l ,  using the Sutherland potential model to  simplify the  numerical work. 
Comprehensive data  on phase shifts are  analyzed in terms of the resultant 
maximum-amplitude trajectory (MAT) (introduced in Ref. 1). Two factors control 
the behavior of MAT a t  low energies: The first  is the resonance-tunneling 
through the centrifugal barrier, and the second is the applicability of the JWKE? 
approximation in a wide domain of l inear and angular momenta. The second 
factor is a consequence of the fact that the attractive potential between a ~ i +  
ion and a He atom is very strong. In the MAT diagram, the avoided-crossing 
patterns mark those a reas  in which an  interplay between the two factors,  a s  
well  a s  significant features in the differential cross  sect ion,  occurs.  Because 
the attractive potential is very strong and the reduced mass is large,  many 
partial waves contribute significantly, even a t  low energies,  and this  makes 
a quantum-mechanical effect less noticeable. An avoided-crossing pattern 
marks the position a t  which a clear manifestation of quantum-mechanical 
effect occurs. 

Introduction 

The exis tence of seven bound s t a t e s  (vibrational levels  of the bound 

molecule) with zero angular momentum in the ~ i + - ~ e  system clearly indicates  

the strong attraction between ~ i +  and He. In fac t ,  if the angular momentum 

d is equal to  o r  l e s s  than 16 ,  there is a t  l e a s t  one bound s ta te .  When the 

phase shif t  is examined for a fixed linear momentum k a s  a function of I ,  it 

is seen  to  be  large in  the domain of large I ,  even when k is small. If the 

phase shift is examined for a fixed I as a function of k ,  it is found to be  large 

even when k is fairly large,  i f  I remains less than, s a y ,  30.  We have studied 

the low-energy ion-atom scattering in  the ~ i + - ~ e  system and have found that 

there a re  two controlling factors which crucially affect the behavior of the 

s y s  tem . 
* 
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  he first factor is a resonance-tunneling through the centrifugal barrier 

tha t  can  occur if neither k nor I is large. The attractive part of the ~ i + - ~ e  

interaction potential is not of long range, and consequently the centrifugal 

potential dominates a t  large dis tances,  making the effective potential, i. e . , 
the  sum of the interaction and centrifugal potentials, repulsive. A t  intermediate 

d is tances ,  the, attractive potential dominates, and consequently, there is a 

peak of the effective potential. Let' us  consider the phase shift 6 a s  a function 

of l inear  and angular momenta, k and I ,  

If the wavefunction outside the potential barrier resonantes with that inside, 

6 varies abruptly by an amount approximately equal to H in  a small interval, 

For a fixed I ,  6 r i ses  rapidly with increasing k; for a fixed k ,  6 falls rapidly 

with increasing 1. 

The second controlling factor is the applicability of the JWKB approxi- 

mation, which is valid except in  the vicinity of a classical  turning point. 

Generally speaking, the JWKB approximation is applicable i f  the attractive 

potential is strong and the local de  Broglie wavelength is short (see p. 2266 

of Ref. 5). Ford and Wheeler6 l 7  pointed out that the abrupt change of the 

phase  shift resulting from a resonance-tunneling through the centrifugal barrier 

might not seriously hurt the over-all applicability of the JWKB approximation. 

This expectation is particularly true i f  a resonance is sharp s o  that the phase 

shif t  deviates from a smooth function of k and I in only a small interval. The 

scattering amplitude is a weighted sum of the partial-wave amplitudes, 

*&,I) = s in  6(k,1) exp [i 6(k1I) l  (2) 

and remains unchanged if 6 is changed by an integer multiple of H. When the 

discontinuity in  6 is nearly equal to H ,  this noticeable deviation from smooth 

behavior may be  reduced without changing the amplitude (Eq. 2) by loweking 

the higher branch precisely by H. Thus , i f  the quantum phase shift ,  after this 

smoothing procedure, agrees fairly well with the smooth TWKB phase shift, 

then the Ford-Wheeler argument is valid. The results reported by Krishna and 



8 
Tani include an example of this situation. 

The fact that a sum over many partial waves is required to determine 

the scattering amplitude in ion-atom scattering, even when energy E is very 

low, marks a characteristic difference from the general situation in electron- 

atom or nuclear scattering a t  low energies. In the latter case  only a limited 

number of partial waves is important. Generally speaking, some typically 

quantum-mechanical effect should be found i f  we search for one near zero 

energy in any system. In the L i + - ~ e  system there are many partial waves 

that  contribute significantly, even a t  low energies, and although resonance- 

tunneling i s ,  i tself ,  a typically quantum-mechanical effect, it may not greatly 

affect the cross sections. Here we are searching for some characteristic 

quantum event in low-energy ion-atom scattering, which will affect the cross 

sections. 

The Potential Model 
1 

Our earlier work showed that the .over-all characteristics of a given 

system may be shown graphically by tracing on the (k, 1) plane the loci of 

points a t  which 

for an integer n.  When a curve on the (k, I )  plane represents the effect of a n  

attractive (repulsive) potential, the integer n is positive (negative). When n 

is positive (negative), the minus (plus) sign must be used on the right s ide of 

Eq. 3 .  For the reasons discussed in detail  in Ref. 1,  such a curve on the 

(k , P ) plane is called the maximum-amplitude trajectory (MAT). 

In Figure 4 of Ref. 1 ,  the MAT'S were determined for the Sutherland 

potential, i. e . , 

where p = r/a measures the dis tance,r  between a Li+ ion and a He atom in 

units of a = 2.97 a .  u. , which is the sum of the U+ and He hard-core radii. 



The parameter i n  Eq. 4 is equal to  27.0 a .u .  The shape of the Sutherland 

potential  is somewhat unnatural when compared t o  results of quantum-chemical 
4 

calculations: the Sutherland potential has  a narrow sharp spike right outside 

the  hard core which tends to  exaggerate the attractive part of the potential. 

However, a s  d iscussed  i n  Ref. 5 ,  the errors incurred by using this  potential 

may remain within a n  over-all limit of 10%. Since the numerical work is simpler 

for this  potential, an extensive survey of the phase shift has  been carried out. 

In order to  find i f  there is any significant difference between the 

behavior of a set of MAT curves based on the Sutherland potential and one 

based  on a more real is t ic  potential ,  we a l so  examined the Lerinard-Jones (8,4)  

potential ,  i . e . , 

where .$ = 1.036; this value of .$ is determined s o  that the scattering length 

(at k = I = 0) assumes a value that  corresponds precisely with the midpoint 

between the seventh and eighth zero-energy resonances.  The MAT'S obtained 

by  using the Lennard-Jones potential a re  shown in Figure 1. When Figure 1 is 

compared with Figure 4 of Ref. 1 ,  we find l i t t le  difference among the main MAT 

features obtained by using the two potentials. If 

there is a peak of the effective potential outside the hard core. U t h e m s e ,  

t h e  effective potential decreases  monotonically outside the hard core without 

producing any  peak. 

The Vertical Cliff in the Constant-k Profile 

The phase shif ts  have been surveyed in  the domain defined by 0 S k 5 15  

and 0 5 1 5 40. A curve that shows 6 (k, 1) a s  a function of P for a fixed value 

of k will  be called the constant-k profile hereafter. Figure 2 is based.on the 

s ix teen  constant-k profiles for k from 0 to 15 with an interval of Ak= 1. 

Levinson's theorem s t a t e s  that the zero l inear momentum phase shift 

6(O,P) is equal to  *rr times the number N of the bound s t a t e s  with the same 
b 



FIG. 1. --The MAT'S determined from the  
Lennard-Jones potential defined by Eq .  5. 

FIG. 2. --a) Three-dimensional graph of phase  shifts obtained from the 
Sutherland potential (E~. 4). b) The MAT'S 'for the  Sutherland potential shown 
using the (k, 8 )  coordinates on the b a s e  plane,  6 = 0 ,  Figure 2a; redrawn from 
the data  presented in  Figure 4 of R e f .  1. . -  . . . . . 



angular momentum quantuLm number 2 , i . e . , 
a(O.1) = mNb(l) . 

Since N in Eq. 7 is an  integer, the constant-k profile a t  k =  0 is a step function b 
of 1. A sharp rectangular edge marks the value of 1 for which a zero-energy 

bound s ta te  exists .  The radial quantum number n (n= 1 , 2 .  . . ,8) is larger than 

the number of nodes of the bound-state wavefunction by one. 

A s  k increases ,  t h e  sharp rectangular edges are rounded. Unless they 

a re  completely rounded, one observes a "vertical cliff" in a constant-k profile. 

such a vertical cliff appears along a smooth c u k e  on the (k, I) plane. This 

smooth curve originates from a bound-state trajectory obtained when E 'is 

neg:tive: for E < 0, a Reqqe trajectory may he dotemined on a plane w i n g  

1 E 1" for the absc i s sa  and P for the ordinate. When this trajectory is extended 
. . t o  positive E l  we obtain the above-mentioned curve along which a vertical cliff 

moves; hence, a vertical cliff marks the value of I a t  which a MAT is located. 

The rounding process,  starts to  develop for large n with small values of k; 

e. g . , a t  k = 2 the vertical cliff for n = 6 is completely rounded and has disappeared. 

However, for smaller values of n the vertical cliff remains unrounded, even 

when k is larger; e . g . ,  a t  k = 7  the vertical cliff for n =  1 appears in a very 

- clear-cut form. These general trends agree with the results obtained by 

Catlow et a l .  
2 

I t  is important to note that the I-coordinate of a vertical cliff moves 

relatively little a s  k varies; i. e. , the trajectory on the  (k, t )  p l ~ n e  along which 

a vertical cliff moves has a small slope relative to t h e  k axis.  A s  to the 

behavior of the wavefunction when E is positive, we can point out that the 

rapid change of phase shift 6 indicated by a vertical cliff is carised hy a 

resonance-tunneling through the centrifugal barrier. Accordingly, the part 

of the MAT accompanied by a vertical cliff in the constant-k profile will be  

called the resonance-tunneling-effect representative. The slope of the 

resonance-tunneling-effect representative is small relative t o  the k axis .  



The M B  Approximation of Phase Shifts 
8 

Krishna and Tani examined two con stant-k profiles at k = 8 and k = 9 

and compared the quantal and the JWKB phase shifts.  A s  shown in Figure 2 of 

Ref .  8 ,  orbiting occurs when k= 9 and I = 21.55. The height of the peak produced 

by the  sum of the interaction and centrifugal potentials becomes equal t o  the 

value of energy E = 81.0. When the value of I is in  the domain 

the wavefunction osci l la tes  i n  two separate domains. Because condition 6 is 

satisfied everywhere in  domain 8 ,  there is a peak of the effective potential 

outside the hard core. There are  three c l a s s i ca l  turning points: The wave- 

function osci l la tes  outside the outermost turning point, a s  well  as in the 

domain bounded by  the other two turning points. 

When P is equal to  o r  larger than 27.96, the centrffugal potential be- 

comes s o  large that  the inner region in  which the wavefunction osci l la tes  d is -  

appears.  In this domain the quantal phase  shift  and the JWKB phase shift 

agree very well  with each other. If I is l e s s  than 21.55, the energy E = 81.0 

is higher than the curve of effective potential everywhere outside the hard 

core; hence, the wavefunction osci l la tes  everywhere outside the hard core, 

and the c lass ica l  turning point is located a t  the outer surface of the hard 

core, p =  1. 

A vertical cliff appears at P = 2 3.5 in the constant-k profile for k = 9 . 
As remarked in  the preceding sect ion,  this is due to  the resonance-tunneling 

through the potential barrier, and it occurs in domain 8 a s  it should. By 

using the data presented in, Figure 2 of Ref. 8 ,  we  can  show that - .  the quanta1 

phase  shift may be smoothed by applying the procedure sketched in the intro- 
- .  

duction. The branch of the original quantal phase shift in the domain I < 23.5 

will be lowered by precisely .rr. to  obtain a much smoother function of I .  The 

smoothed quantal phase shift thus obtained agreves with the corresponding JWKB 
1 , . 

phase sh i f t  i n  domain 8 within an error limit of 15' o r  so.  Even though a . , , -. 

resonance-tunneling through the centrifugal barrier is quantum-mechanical by 

its e l f ,  the amplitude calculation based on the JWKB (s  emicalssical)  phase 



shif t  may still b e  considered a useful approximation, a situation which is a 

consequence of having a strongly attractive potential, a s  Ford and Wheeler 
6 

expected. (Compare Fig. 3 of Ref. 6 with Fig. 2 of R e f .  8 .) 

The quantal phase shift for k = 9 becomes equal t o  ~r/2 a t  I = 2 5.4, and 

one  MAT must b e  located here. Its radial quantal number n must be equal to  

unity according to  Eq . 3 .  A s  shown by the constant-k profiles between k = 9 

and k = 15 in Figure 2 ,  the n = 1 MAT-in the k domain k 2 9 is lying on a smooth 

curve on the (k , I)  plane. A s  shown in Figure 2 of R e f .  8 ,  the JWKB phase 

shif t  for k =  9 takes the value ~r/2 a t  I slightly below 25.4. The constant-k 

profiles in Figure 2 show that the part o i  the n =  1 MB'I' In the k domain ' 

9 5 k 5 1 5  is found in  an area in which the quantal phase shift is smoothly . 

changing a s  a function of I for a fixed k and completely free of a vertical 

cliff. Because this part of the MAT is accompanied by the events in its 

c lose  vicinity s o  that the JWKB phase shift becomes equal to  ~ r / ' 2 ,  we cal l  it 

the  semiclassical-effect representative. Note that the semiclas sical-effect 

representative has  a much larger slope than the resonance-tunnellinqeffect 

representative does. 

The Avoided -C ros s ins  Pattern of the MAT 

The avoided-crossing pattern with its center located a t  k = 7.9 and I = 23 

is a typical example, and similgr explanations apply to any other avoided- 

crossing pattern of the MAT. 

In Figure 2 it I s  pbserved that the n = 1 MAT, which is accompanied by 

a vertical cliff, and hence is the resonance-tunneling-effect representative, 

follows a smooth curve in  the'k domain 0 5 k 5 7. When this smooth curve on 

the  (k, 1)  plane is extended beypnd k = 7 ,  we find a gap that occupies the k 

domain 7 < k < 9.  After the gap, however, one s e e s  again a similar smooth 

curve in  the k domain 9 5 k S 12 .  This second segment of what is apparently 

the  same curve is followed by the n = 2 MAT, and is the resonance-tunneling- 

effect representative accompanied by a vertical cliff. The curve discussed 

here has  a fairly small slope relative to the k axis .  



The n =  1 MAT in Figure 2 is the k domain 9 5 k 5 15 is free from a 

vertical cliff and is the semiclassical-effect representative. m e n  we extend 

the smooth curve on the (k , I )  plane, followed by this portion of the n = 1 MAT, 

to  smaller values of k ,  we find a gap around k = 8. However, the same smooth 

curve is recovered in the k domain 6 5 k 5 7 and followed by the n = 2 MAT, 

which is a l so  free of a vertical cliff and the semiclassical-effect representa- 

tive. The slope of this curve is remarkably large, relative to  the k axis.  A t  

the center of the gap region we find the center of the avoided-crossing pattern. 

The avoided-crossing pattern is produced by the interplay of the n =  1 

and n =  2 MAT's. Below the avoided-crossing center, i. e .  , k < 7.9 and Q < 23.0, 

the n =  1 MAT has larger values of the Q -coordinate than the n = 2 MAT. Since 

the n = 1 MAT is the resonance-tunneling-effect representative and its slope 

relative to the k axis  is small, and since the n =  2 MAT is the semiclassical- 

effect representative and its slope is large, the n =  2 MAT approaches the 

n = 1 MAT from below, tending to become confluent a t  the avoided-crossing 

center. Above the avoided-crossing center, i. e .  , k > 7.9 and P > 23.0, the 

n= 1 MAT gains i t s  slope by becoming the semiclassical-effect representative, 

while the n =  2 MAT loses  its slope by becoming the resonance-tunneling-effect 

representative . 
Once we understand the basic  mechanism by which an avoided-crossing 

is caused among the MAT's in the c a s e  of the 'Sutherland potential, we may turn 

to the more realistic Lennard-Jones (8,4) potential and understand how the 

avoided-crossing patterns of the MAT's in Figure 1 are produced. The close 

vicinity of a n  avoided-crossing pattern is influenced by two factors: (i) the 

JWKB phase shift  is close to  one of the values specified by E q .  3 ,  and (ii) a 

resonance-tunneling is bound to  occur. 
8 

Krishna and Tani examined the constant-k profile for the Sutherland 

potential a t  k =  8 ,  which is close to the k-coordinate of the avoided-crossing 

center a t  k =  7.9 and I =  23.0. A s  the data presented in Figure 1 of R e f .  8 

show, the Ford-Wheeler argument fails in such an  8-domain, although it may 

be justified if k is changed t o  k= 9. Thus, a deviation from the semiclassical 

theory occurs more extensively near an avoided-crossing pattern of MAT's. 



Concluding Remarks 

An avoided-cros sing pattern .of MATt s is produced by an interplay of 

two factors.  The f i rs t  factor is that  up to  a certain value of k near k =  0 a 

resonance-tunneling through the centrifugal barrier occurs. It is tied tp  the 

respect ive zero-energy bound s t a t e s  a t  k = 0; and the values of k and I a t  

which it occurs a re  c lose ly  related to  the corresponding Regge trajectory that 

may b e  determined when E is negative. The second factor is that ,  owing to 

the large strength of the attractive potential, the JWKB approximation is valid 

i n  a wide domain of the (k, I) plane. 

A large deviation from the JWKB approximation may occur in  the c lose  

neighborhood of a n  avoided-crossing pattern. Let u s  briefly mention our study 

of the  scattering cross  sect ions without touching on its detai ls .  The neighbor- 

hood of a particular energy that coincides with the center of one particular 

avoided-crossing pattern produced by the Sutherland potential has  been scan-  

ned, and the features of the  cross  sections have been examined. The feature 

tha t  appears in  the total  cross  section is relatively insignificant. A resonance- 

l ike  rapid change occurs i n  a particular partial wave a s  k sweeps pas t  the 

value at the avoided-crossing center. However, because there are  many other 

partial  waves involved, there is a large background amplitude produced by 

other  partial waves; consequently, the feature in the total  cross  section 

produced by a particular partial wave becomes a relatively small portion of an 

otherwise smooth function of E.  On the other hand, in  the differential cross 

sect ion for backward scattering, the background becomes small because of 

the  substantial  cancellation of contributions from both even and odd I t s .  Thus, 

there is a remarkable feature in the differential cross  sect ion.  In these  

r e spec t s ,  an avoided-crossing pattern of the MAT'S marks the position a t  

which a remarkable quantum-mechanical effect may be expected in low-energy 

ion-atom scattering . 
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Mitio Inokuti 

Important pqoblems in inelast ic  collisions of electrons with atoms, 
i o n s ,  and molecules, as  well  as in related topics ,  a re  pointed out. Possible 
l ines  of approach a re  suggested. ~. 

Quantum-Defect Theory and Its Future 

In a Rydberg s ta te  of an  atom or molecule, there is one electron moving 
+ 

in  a large orbit around an ion core A that cons is t s  of nuclei and tightly bound 

electrons.  That s ingle  electron spends most of the time far outside the core. 

The energy level  E measured from the ground s ta te  of the whole system A may n 
2 

b e  written a s  E = I - R/(n*) , where I: is the ionizaliur~ easrgy, R- 13.6 oV is 
n 

the Rydberg unit of energy, and n* is called the effective quantum number. If 
+ 

A is a point charge (i. e .  , i f  A is a hydrogenic atom), n* is the principal 
+ + 

quantum number n itself. If A is a closed shel l  (such a s  in Na ), then one 

sets n*= n - p and ca l l s  p the quantum defect. The quantity p depends on the 

orbital  quantum number and is an  index of the difference between the field of 
+ 

A and that  of a point charge. So long a s  I - E << I ,  p is insensit ive to E . 
n n + 

If A has  an internal structure, there a re  many ionization energies I: (a = 1, a + + 
2 , 3 .  . .) , each corresponding t o  a different quantum state of A . In Ar , for 

example,  there a re  two P-' s corresponding to  J - $ and J = 2 , even within the 
U 

2 5 1  + 
lowest-energy configuration 3 s 3p P. If A is a molecular ion, there a re  

numerous I 's specified by rotational and vibrational quantum numbers; then 
a 

2 
one  wri tes  En = Ia - R/(n - pa) and obtains a set of b, each corresponding to 

different I . The totality of p may be  considered a s  describing the interactions 
a a + 

of an  electron with the ion core A . 
The quantum defect a l s o  concerns the continuum s ta tes  of the system 

+ + 
e - A  , i. e .  , the collision of an  electron with A . The phase shift a t  zero 

collision energy is given as arrp + 7, where p is the quantum defect a t  E n -- I 

* 
A summary of seminars given on various occasions.  Similar material was  
published in  Butsuri ( ~ u l l .  Phys . Soc. Japan) 2, 273 (1977) in Japanese. 



and q is the analytically known phase shift  for a pure Coulomb field. 

A comprehensive treatment of the quantum defect and of related col- 

l is ion quantities is known a s  the quantum-defect theory (QDT), developed by 

Seaton, Fano, Lu, and others (see,  for example, Ref. 1). Recent years  have 

seen  remarkable progress in the  QDT applications to  atomic and molecular 
+ 

spectra ,  especially in the multichannel c a s e ,  in which A has  an internal 

structure . 
There a re  now at l eas t  two principal directions to  which QDT must b e  

extended. First ,  one should develop treatments of Rydberg states under the 

influence of external agents such a s ,  for instance,  an electric or magnetic 

field. Another, more complicated, example is the interaction of a Rydberg 

s t a t e  with another atom or molecule. This problem was  first  treated b y  Fermi 
2 

in the interpretation of pressure shif ts  of spectral  l ines  due t o  Rydberg s t a t e s ,  

and has  recently been extensively studied by many workers in  both theory and 

experiment. A more advanced problem along these l ines  concerns the so-called 

excess  electrons in nonmetallic solids or liquids-a matter of intense interest  

i n  radiation chemistry and other contexts. Examples are  electrons in  liquid 

hydrocarbons and polarons i n  sol ids .  The s ta te  of an excess  electron may b e  

viewed as an  extremely perturbed Rydberg s tate .  An analysis  of this problem 

from the QDT standpoint may be  highly profitable. In this respect ,  it is 

heuristic to recall  that the QDT had a successful  application to  the band 

theory of crystals .  
3 

Second, one should address the problem of two (or more) Rydberg 

electrons.  I t  is true that photoabsorption by A seldom results in two excited 

or ionized electrons,  but e-A collisions a t  sufficiently high energies frequently 
+ 

l ead  to ionization, i . e. , a final s t a t e  consisting of A and two electrons with 

modest kinetic energies. Even when the outcome is not that dras t ic ,  one often 

sees a n  electronic excitation, i. e. , a final s ta te  A* + e .  In this instance,  the 

scattered electron and the excited electron must have experienced a period of 
+ 

time in  which they shared comparable energies within the field of A . (This 

period is unusually long when a resonance is involved .) Such an  intermediate 

state of the inelast ic  collision may be  viewed as a two-electron Rydberg s tate .  



Consequently, it is important to develop a treatment of the motion of two 
. * + 

electrons in a Coulornb-like field of A , in  order to establish, a comprehensive 

theory of inelast ic  collisions. (An exception occurs when the incident electron 

is far more energetic than the atomic electrons; then, one may use the familiar 

Born approximation or  distorted-wave approximations .) 

Unfortunately, the two-electron problem remains poorly understood. 

Some of the elements of long-range correlations of an eventual theory have 
4 5-7 

been established by the Wannier work and i t s  pursuant developments, 

including corroborating experiments . *I9 But there must be other crucial points 

t o  b e  uncovered in the future. Fano and I have recently stressed the ' 

irngortnnce of this general problem and have indeed discussed in some detail 

what one might attempt to  achieve i t s  solution. 

One method of approach is to use  the hyperspherical coordinates. One 
-L -L 

combines the usual Cartesian coordinates r and r of the two electrqns to 
-2 2 + 1 2 - 1 form a set of new variables: R =  ( r  + r  ) , a = tan-l  ( r  /r ) and 012 = cos 

4 --C 
1 2  2 1 

[ ( r l  r2 )/r1r2] , and three other angles specifying the orientation of the. 

whole system. The ~chrcd inger  equation for the two electrons, expressed in  

these  ordinates, is approximately separable into R on one hand and a and 8 
12 

on the other. The dependence on R describes the s i ze  of the entire system. 

The range of R obviously extends from. zero to infiniPy, and therefore, the R-pd1.1 

of the ~chr6dinger  equation leads to an eigenvalue spectrum containinq 

continuum, a s  well a s  discrete s ta tes .  In contrast, the a- and e12-pans 

of the equation describe correlation of the mo elecrrons and lead to . discrele -- 

spectra only, because both a and 0 are anqular variables whose interval is 

necessari ly finite. 
1 2  According to Fano and others,  i t  is possible to treat the R-motion 

almost adiabatically, i . e . ,  in almost the same way nuclear coordinates are 

treated in  the Born-Oppenheimer theory of molecular structure and in the 

standard theory of interatomic collisions a t  low energies. I t  is fascinating 

t o  see here a formal similarity in  theory between two entirely different c l a s ses  

of phenomena, i. e . , electron-atom collisions and interatomic collisions. 



R-Matrix Theory 

If one pursues the. idea of the QDT further, one arrives at the .  R:matrix 
11 

theory in  a broad. sense .  In the QDT, one distinguishes the two si tuat ions,  

i .e . ,  one in  which an electron is far away from the ion core and the other in  
+ 

which the electron is moving within A . Only in  the former situation is the 

close-coupling treatment suitable.  In the la t ter  situation, it is appropriate to  

treat the electron on a par with (valence) core electrons because a l l  of these 

electrons have comparable energies and move i n  the same spat ia l  extent. The 

R-matrix theory provides a framework by which one connects the. treatment of 

the two situations.  This idea was first  advocated by Wigner and others in  

nuclear-reaction theory, but i t s  application t o  atomic physics started only 

recently. l4 Full implementation of the R-matrix theory in  atomic and . 
molecular collisions presents many challenging problems to be  attacked in  the 

future. 

Scattering by Nonspherical Potential Fields 

Despite its wide range of possible applications (including a l l  chemical 

reactions,  for example), the theory in this area has  hardly been explored, even 

in  i t s  very bas ics .  For instance,  standard textbooks tell  much about general 

properties of the S-matrix, the behavior of the phase shift at low energies ( a s  

treated by  the effective-range theory), Levinson' s theorem (concerning the 

relation between the zero-energy phase shift  and the number of bound s t a t e s ) ,  

and dispersion relations,  but most of the discussion concerns spherical 

potentials exclusively. Indeed, a generalized version of Levinson's theorem 

for nonspherical potentials has. been formulated only very recently by Newton. 
15. 

To recognize the difficulty of the problem with a nonspherical potential 

(which does not allow a separation of var iables) ,  one needs to  recall the fol- 

lowing point. In a three-body problem (of spinless  particles),  which remains 

a challenge in either c lass ica l  or quantum mechanics, among the nine variables 

there are  three variables describing the center-of-mass motion, and three 

variables describing the rotation of the system as a whole. The three remaining 

variables describe the internal moflun. In the space  of these three variables ,' 



one h a s ,  in general, a nonspherical inseparable potential. Thus, the essence  

of the three-body problem is equivalent to  that of a three-dimensional non- 

spherical-potential problem. In other words, the nonspherical-potential problem 

is a kind of many-body problem. 

From this bas ic  point of view, any serious approach t o  nonspherical- 

potential problems is to be encouraged. An application of the multiple-scattering 
16 method to electronic continua of molecules by Dill and Dehmer is noteworthy 

because of i t s  adaptability to any geometry. 

An o v e ~ e w  of electron-atom inelast ic  collisions 

I t  is instructive to conslder the applicability of various theories in 

different circumstances. Obviously, one of the decisive variables distinguigh- 
2 

ing different circumstances is the electron incident energy ( A k )  /2m, where 

k is the wave number. The next variable is the incident orbital angular 

momentum Q A  . If Q  >> 1 ,  the electron wave will glance a t  the atom a t  large 

dis tances.  (In the c lass ica l  picture, the impact parameter b is related to  Q 

by Q =kb). 

Let us  then consider a classification of collisions in terms of k and Q . 
(For further analys is ,  one needs classification in terms of the final-state 

orbital angular momentum, too. But we shal l  omit this in the present discussion.) 

For the construction of a Cartesian plane, we label the horizontal axis with 
2 -18 

( kao) , where a = 0 . 5  29 x 10 cm is the Bohr radius. The variable ( kao) 
2 

0 
is the incident kinetic energy measured in Rydberg units. we label Lilt vcrtioal 

axia with P (1 + I ) ,  which is clli index of the strength of the centrifugal potential 
2 

1 ( I  = l ) (ao/r)  R ,  r being the electron radial position. Each point on the 

Cartesian plane represents a specific collision situation for which certain 

kinds of treatment are  suitable. Thus we can make a map showing the suit- 

abili ty of various treatments. 

Figure 1 is a n  example of the map, tentatively drawn for discrete-level 

excitations of helium: e + He -- e + He* for definiteness. Each domain is given 

a nickname that sounds like a country name and reminds one of a kind of 

treatment. I have consulted various theoretical and experimental data in draw- 

ing the boundaries, but the precise position of the boundaries is uncertain and 



is subject t o  debates a s  in international politics; the map will certainly have 

to  be  improved in the future. 

FIG. 1. --Map showing the suitability of different treatments of the process 
e + He -- e + He*. The horizontal a d s  represents ( kaO) 2, and the vertical axis  
1 (1 + I ) ,  both on logarithmic scales .  

In Relativistica, there are strong relativistic and radiative effects. 

Bornia is the  domain of the first Born approximation, limited by low values 

of both k.and 1. Going'to lower k values,  one reaches Higher Bornia, the 

domain of the higher-order Born approximations, which seems to  be rather 

narrow. Going to lower 1 values from Bornia, one enters Distorwavia, i. e. , 

the region of distorted-wave approximations, including eikonal and related 

approximations. For sufficiently high I and lower k ,  a s  indicated a s  

Closecoupland, the close-coupling method is suitable. For low k and 1, 

elements of the R-matrix theory are necessary, and this is shown a s  R-Matrixia. 

At  incident energies close t o  inelastic thresholds, the long-range correlations 

between the scattered electron and the excited atomic electron are important, 

and cal l  for a more advanced treatment than we possess  a t  present. After the 

pioneer of t11e 'analysis of the long-range Coulomb correlations, we cal l  the 

pertinent domain Wannberland. Finally, the region above the dashed curve 

t o  the left of Bornia makes small contributions to  the total cross section, a s  

can be understood from general kinematic considerations. 

It is clear that the drawing of similar maps for different collisions 

(including atom-a tom collisions and nucleon-nucleus collisions , for example) 



wil l  b e  useful. One mer i t  of such a map-drawing is that it obliges us to consider 

all possible  coll ision circumstances together and t o  relate different treatments 

t o  one  another. The idea of the mapping was  conceived a t  a Workshop on 

Momentum Wavefunction Determinations, Bloomington , Indiana, 1976. l7 I 

thank the organizers for tha t  opportunity and Dr. E. F. Redish for stimulating 

d iscuss ions .  
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DEGRADATION OF SUBEXCITATION ELECTRONS IN MOLECULAR HYDROGEN . , 

* 
D. A. Douthat 

The yields ~f vibrational. and rotational excitations and negative ions 
in molecular hydrogen are computed in. a CSDA from the  subexcitation spectrum 
and cross sections in the subexcitation range,based on data from swarm and 
beam experiments. 

1 
A previous report dealt  with the degradation of keV electrons in H 

2 
over the energy region in  which electronic energy losses  predominate. The 

calculation has  been extended to include further degradation of electrons 

through the energy region below Eo , the lowest electronic excitation energy. 

Energy is lost  in  this region in elast ic  collisions, a s  well a s  in rotational, 

vibrational, and simultaneous vibrational-rotational excitations. Although the 

scattering data to analyze the degradation below E are incomplete, a set of 0 
data based on the Gerjuoy-Stein scaling of the available experimental results 

permits construction of a complete set of inelastic cross sections. 

The Subexcitation Spectrum 

If electronic excitation and ionization are the only energy-loss modes, 
3 , 4  

the initial energy diswbution of subexcitation electrons2 is given by 

This i's the usual Spencer-Fano equation in  which y(T) is the degradation 

spectrum, k(T, E) dE the probability per unit path length that an electron of 

energy T loses  energy E , and s (T) is the source strength. When moderation 

by other energy-loss modes (vibration, rotation, elastic) is considered, the 
- 

* 
Kennedy-King College, Chicago , Illinois 60 621 . Consultant, RER Division. 



spectrum for T < E -is given in a continu0.u~ slowing-down approximation 
0 

(CSDA) by 

Eo . . .  

T 

where s (T) is the stopping power. Since the energy losses  for T <  E are small, 
0 

. . 
the  CSDA is expected to be accurate in this region. 

Given the spectrum y(T), the absolute yield N '(T ) of &mary excita- 
s 0 

t ions of s ta te  s' following the complete degradation of an  electron of initial 
5 

energy T and of a l l  ej'ected electrons is given by 
0 

The cross section for excitation of the s ta te  is Q (T), and E 'is the threshold 
S S 

energy. 

Vibrational, Rotational, and Elastic Energy Losses 

The stopping cross sections for these modes are, displayed in Figure 1. 
1 For e las t ic  collisions, the stopping .cross section - .( - - dT)  , where N is the 
N dx 

molecular number density,  is given by 

stop 
Qelastic (T) = ( ~ ~ / M ) T Q ~ ( T )  , 

where Q (T) is the diffusion cross section. The values of Crompton e t  ai. 6 D 
7 for Q (T) were used for TS 2 eV, and the data of Englehardt and Phelps were 

D 
used for T>2  eV. 

At 23 OC, only the v =  0 vibrational level is significantly populated. 
8 The experimental data of Linder and Schmidt, were used for the vibrational 

c ross  section and for the simultaneous vibration-rotation excitation (v= 0-1; 

j = 1-3). 

The population of rotational s ta tes  is given by 



T(eV1 
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where T is the  temperature and B =  7.54 meV. The symbol It s tands  for the 
g 

total spin of nuclei ,  i .  e. , the  two protons in  H one sets I = 0 for even j , 2; t 
and It = 1 for odd j . A t  23'C, the population by percent of the j = 0 through 

j = 4  s t a t e s  is 13.'4, 66.7, 11.4,  8 .1 ,  and < 0 . 3 3 .  For the 

j = 0 4 2  transition, the electron-impact data of Crompton, Gibson ,' and 
6 

McIntosh were used from threshold (0.0439 eV) t o  0.50 eV. The data of 
8 

Linder and Schmidt for the  j = 1-3 excitation were selected for the energy 

range 0.3 to  10 eV.  Following Linder and Schmidt, the  Gerjuoy-Stein 9 , lO  

scal ing relation was  used t o  provide a complete set of rotational and simul- 

taneous vibrational-rotational excitation c ross  sect ions from threshold to  

10 e V  for the init ial  states j = 0 through 4 .  This procedure works well  i n  t e s t s  

using both theoretical and experimental data .  

8' Production 

The dissociat ive electron attachment cross  section for the formation of 
11 1 2  

H- from H, was  measured by Schulz , Schulz and Asundi , and by  Rapp , 
13 

Sharp, and Briglia. Since the  process  is only competitive below E the 
0 '  

data  of Schulz and Asundi a re  sufficient for this  calculation, although the c ros s  



sect ion for this 3.75 eV peak is normalized t o  their larger result for the 14 eV 

peak. 

Results 

Table 1 gives the G values for production of vibrational, rotational, 

and simultaneous vibrational-rotational excitation following complete absorp- 

tion of a 10 keV electron a s  computed from Eqs. 2 and 3. The G value is 

defined by 

-3  4 
The prlmary yield of H- is 3.6  x 10 , which gives a value of 8.2 x 10 for 

the ratio of the primary or initial yleld of positive ions to  that of H'. The 

amount of energy dissipated in e las t ic  collisions is 123 eV,  which follows 

from conservation of energy, knowledge of the mean subexcitation electron 

energy (3.46 eV) , and,  the mean energy per  ion pair (34.0 eV) . 

Table 1. Vibrational and Rotational Yields TO = 10 keV a t  2 3 OC 

Transition 
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ELECTRON TERMINAL TIMES IN HELIUM AND HYDROGEN 
* 

D. A. Douthat 

The times required for moderation in gaseous helium' and hydrogen of 
keV electrons to terminal energies in  the range 0.1 to ? eV are computed using 
the subexcitation electron energy distributions and data for the' stopping cross 
sect ions in the subexcitation region. These computed terminal times are ; 

compared with results extracted from the experimental rate constant' data of 
Warman and Sauer. 

The process of electron moderation in irradiated systems 'is of interest 

for several reasons. These include establishment of the duration of the physical 

s tage  during which'the kinetic energy of the incident particles arid that of . 

ejected electrons is degraded. The energy degradation occurs mainly through 

Inelast ic  collisions with molecules with the concomitant production of ions 

and excited electronic s ta tes  in atomic media, a s  well a s  excited internal 

s ta tes  (vibration, rotation) in molecular media. platzmanl defined the 
3 

temporal s tages of an irradiated system and observed that while moderation of 

electrons with kinetic energy T in excess  of the threshold for electronic excita- 

tion E occurs very rapidly, moderation of electrons with T < E occurs much 
0 0 

more slowly. Eventually, of course, the remaining free electrons are thermal- 

ized and their final energy distribution will be  Maxwellfan. Following the 

establishment of thermal equilibrium, the sys  tem enters the chemical stage. 

Warman and sauer4 ' recently investigated electron moderation by 

observing the electron concentration in a microwave cavity following irradia- 

tion of a gas containing a small amount of CC14 with a pulse of 600 keV x rays. 

(A full description is contained in Ref .  5.) 

Of special interest eo us is the fact that Warman and Eauer were able 

t o  exact electron thermalization t i m e s  by analyzing the rate constant data for 

electron attachment to CCl4 In the course of theoretical studies of electron 

degradation in g a s e s ,  we have computed the energy spectrum of free electrons 

* 
Consultant, RER Division. Permanent address: Kennedy-King College, 
Chicago, Illinois . 



6 7 
in irradiated helium and hydrogen. These energy distributions , together with 

the known momentum transfer cross section and, for molecules, the cross 

sections for vibrational and rotational excitation, permit a direct calculation 

of mean electron terminal times. In this report we sketch the calculation and 

compare our results. with those of Warman and Sauer. 

Since the moderation of a primary electron from the initial energy of 

about 600 keV to E proceeds rapidly and since most of the secondary electrons 
0 

are ejected with low kinetic energies, we can focus our attention on the mod- 

eration in the region T < E i. e .  , in the subexcitation region. In atomic gases ,  
0 

further energy losses occur through elastic collisions, while vibrational and 

rotational excitation also contribute energy losses in molecular media. The 

average rate of energy loss  in excitation from the initial state j is given by 8 

dE mv 2 3kT din q (El m 
( ~ ) ~ = n v q ~ ( E ) [ X 2  - 2 ( - + -  3 3 d l n v  )I 

where 

2m + 1 - - E  ) Q  (E) 
M Eq (E) z k ( E k  j jk 

m 

The temperature of the gas is T , m is the electron mass, M is the molecular 
g 

mass, N is the molecular number density, v is the speed, q (E) is the m 
momentum transfer cross section, and Q. (E) i s  the cross section for excitation 

1 k 
to state k. Summing ( - d ~ / d t ) ,  a, (T ) over j , where a. (T ) is the relative 

1 1  g I g . .  - 

population of state j a t  temperature T , gives the total rate of energy loss 
9 

(-dE/dt ) . 
Hence, the mean time required for moderation of an electron from an 

initial energy T to a terminal energy T i s  given in the continuous slowing- 
0 

down approximat5.on hy 

9 
Braglia, de'Munari, and Marnbriani calculated values of t(T) for low energy 

electrons in rare gases.  These results,  however, are not directly applicable 



t o  irradiated g a s e s  s ince  electrons a re  p.roduced in  the subexcitation range with 

a characteristic subexcitation energy distribution. This distribution, N(T)dT, 

w a s  f i r s t  studied by Platzman, who defined i t  and obtained a semiempirical 

curve for helium. In work on helium, lo and hydrogen. we obtained numer- 

ical solutions of the Spencer-Fano equation for the electron-energy distribution. 

We found that Platzman's result  for the helium spectrum is accurate to  within 

about 10% in the subexcitation range and that  the shape  of the subexcitation 

spectrum is insensi t ive to  the source electron energy. 

We assume that the prevailing energy distribution immediately following 

irradiation in the Warman-Sauer experiment is t ie  (11011-~axwellisn) , di stribu- 

t ion  where 

and 

The analysis  of Warman and Sauer assumed the energy distribution in the 

microwave experiment to  b e  the same a s  that in equilibrium swarm studies and 

a n  effective init ial  electron energy of about 1 e V .  (Computed subexcitation 

spectra  
3 , 1 1 , 6  

lead to  a mean subexcitation energy of abuuL 7 eV for helium 
7 

and about 3 .5 eV for molecular hydrogen. ) 

Computed values of i(~ ) for the terminal energy range 0 . 1  to  1 eV are 
f 

shown in  Table 1 , together with values of ;(E ) given b y  extension of the 
f 

Warman-Sauer analysis  of their rate constant data to this  energy range. Since 

the  Warman-Sauer data  analysis  emphasized the determination of the  time 
3 

required for moderation t o  a final energy Ef = 1.1 x -kT (the "thermalization 
2 

time."), it is not surprising that the difference between theory and experiment 

becomes l e s s  satisfactory with increasing terminal energy. Extraction of 

terminal t i m e s  from the more recent experiments of Warman and d e  Haas 
12 

might provide a more reliable comparison around 1 eV, but this analysis  has  



not  ye t  been performed. 

The values of q '  (T) chosen for helium are  those of Crompton, Elford, 
13 m .  

14 
and Robertson as recommended by Itikawa, and are  accurate to  * 2% over 

most of the range. The values of qm(T) above 6 eV a re  those recommended by 
15  

Braglia e t  a1 . , reduced by a constant factor to  produce a smooth junction .. . at 

6 eV.  Assembly of . the cross sections for H has  been discussed in the preced- 
2 

ing article in  this report. Details of the  calculations for He and H2 will b e  

reported in a future publication. 
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Table 1. Average Unit-Pressure Terminal n m e s  P Tf (s 0 torr) i n  Helium 
and Molecular Hydrogen. (2 3 C) 

Helium Hydrogen 

E (eV) Eq. 3 Experiment E q .  3 Experiment 
(Ref. 5) (Ref. 5) 
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t Daryl A. Douthat and William J . Meath $ 

Energy (and range fluctuations are obtained for Gaussian (long path 
length) distributions in several gases  for incident protons and alpha particles 
over a substantial  range of energy loss  and incident energy. The calculations 
are .based on Fano's equation for the mean square energy loss  per unit path 
length and utilize accurate straggling and stopping-power parameters principally 
determined by Zeiss , Meath, MacDonald , and Dawson from dipole oscillator- 
strength distributions. The results are compared with experimental data on 
energy straggling of 2 to  4 MeV alpha particles in helium, and further experi- 
ments are suggested. 

Introduction . 
1-6 

Studies of the penetration of heavy charged particles in matter 

have deal t  chiefly with mean values of the range and energy loss .  Recently 

the s tat is t ical  fluctuations in range and energy loss  have become subjects of 
7-10 considerable interest . These fluctuations possess  intrinsic a s  well a s  

practical importance in several research areas ,  including charged-particle 
11 1 2  

microscopy, particle identification and energy measurement, and in ion 

backscattering analysis of materials . ' Despite considerable effort, dis  - 
crepancies among several experiments remainI7 and the ranges of validity o f  

the several high energy theories are not ye t  completely determined. Experi- 

ments using metal foils a s  absorbers14 are plagued with the difficulty of 

producing uniform foils since observed straggling can ar ise in part from the 

effects of foil nonuniformity.' On the other hand, experiments with foil 

absorbers can be  restricted to the case  in which the accumulated energy loss  

* 
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is a sufficiently small fraction of the incident energy s o  that the stopping 

power varies negligibly over the path length and comparison with theory is 

somewhat simpler. 

Experiments on straggling in gases  circumvent the problem of nonuni- 

formity14 but are often performed for very thin absorbers where the straggling 

is not Gaussian and the theory is more complex. We have, calculated straggling 

widths for range and energy in ten gases. for mean energy loss  large' enough s o .  

that  the  straggling dist,ribution is Gaussian. There exists  for this case  a well- 
1 

defined, although largely untested, theory due t o  Fano. Imglem~ntation of 

the theow rr=qul,rAs valuco of t l ~ e  stopping power parameter I and the straggling 
0 .  

parameters I1 and S(1). These parameters are reliably obtained from the dipole 

oscillator strength distribution (DOSO) of the medium. Since the absorbers are 

" thick,  " i. e. , the mean energy loss  constitutes an appreciable fraction. of 

the  incident energy, integration over the path length is necessary. While this 

integration cannot be  performed analytically, it is a straightforward nunierical 

task .  In view of the simplicity of implementing straggling theory for this 

thick-absorber c a s e ,  we recommend that the high-energy theories.be tested 

by further experiments with thick gaseous absorbers. Once the range of valid- 

i ty  is firmly established for gases ,  high-energy straggling theory for foils can 

a l s o  b e  tested. 

Theory 

, Heavy charged particles traversing matter lose  energy primarily through 

electronic excitations and ionizations of the target medium. The cross sections 

for occurrence of the individual events depend on the charge and speed of the 

projectile. At sufficiently high energies, 2 100 keV for protons, charge exchange 

can be  neglected, and the theory then simplifies considerably. Under the 

conditions of high incident energy and small total energy l o s s ,  the mean square 

energy fluctuation was given by Bohr 
6 

where z is the charge of the projectile, Z that of the target atoms, N the target 

2 1 2  



number density, and AR the target thickness. This theory is based on four 

conditions: (1) projectile speeds much greater than orbital electron speeds for 

the target species ,  (2) total mean energy loss  much less than the initial pro- 

jectile energy, (3) random distribution of target atoms, (4) AR large enough 

that  the straggling distribution is nearly Gaussian. If the mean energy l o s s  is 

large enough that the stopping power cannot be  considered constant, then 

integration over the total path length must be performed. Bohr's formulation for 
the case  in which integration over the path length traversed is required gives6 

where E is the excitation energy of s tate  n with cross section a (E), and N n n 
is the number density. We use  the notation of Fano and follow closely h is  

1 compact review of heavy-particle straggling. ~ o h r  provided a criterion for 

the occurrence of Gaussian straggling, namely, that the maximum energy 

l o s s ,  Qmax, of the heavy particle in a single collision be much smaller than 

the accumulated mean energy loss  ( AE), i. e . ,  

m 
AE >> Q r 4 . - E  , max M 0 

where m is the electron mass,  M the heavy particle mass , and E the incident 
0 

heavy-particle energy. When this condition is  satisfied, the energy dis  tribu- 

tion is given by 

where the path length s and the mean energy are related in the continuous 

slowing-down approximation by 

The quantity (-dE/ds) is the stopping power given in the Bethe approximation 



2 4 
d~ h z e  [ ( z ; ;~ )  2 

( - = ) =  . m v 2  N Z  I n -  - l n ( l - P  1 - P  
. . 

when shell  corrections and the density effect are neglected. The path length 

distribution is given by 

2 
f ( s ,  ( s ) )  = ( 2 ~ r ( A s  ))' exp [-*I , s  (6) 

where 

The central quantity in  these relations is the mean square energy loss  per unit 

path length, which is given by Fano a s  

5 
Livingston and Bethe in  an earlier semiempirical theory wrote Eq. 8 

in terms of ionization potentials and effective nuclear charges for the various 

electronic shells.  This can now be improved upon since the quantities I 
0' 

So'  I1 , and S( l )  represent moments of the dipole oscillator strength distribution 

and sufficient information eHsl.s from a variety of experiments to establish the 

DOSD and i t s  moments accurately for several gases. While tl~e establishment 

of the DOSD and i t s  moments for a given species still requires a substantial 
2 2 

effort, computation of (AE ) and (As ) requires little effort. It is thus a 

simple matter, given the parameters for the stopping power and straggling, t o  
2 2 

evaluate (AE ) and (As ) . comparison with experiments using thick gas 

targets becomes a straightforward matter. 

Results 
2 2 

We have computed (As ) and (AE ) for the gases  He. Ne, Ar, Hz, 
15 

N2 , 02, NHB1 H 2 0 ,  NO, and N 2 0  The data of Saxon are used for Ne. 



16 
those of Miller for He, of ~ g g a r t e r ' ~  for Ar, and those of Zeiss , Meath, 

2 
MacDonald , and Dawson for the other gases.  Extensive tabulations of the 

, results are planned for publication. Apparently, comparison with experiment 

is now possible only for the case  of helium. In general, experimental straggling 
7 

data are discordant and often done over an energy range in which existing 

high-energy theories are not expected to b e  reliable. Table 1 displays the 

full-width-half-maximum for energy straggling of alpha particles in helium 

over the incident energy range 1.624 to 3.493 MeV. While the present results 

are 15 to 30% larger than those from the Bohr theory, the experimental results 
3 

of Ramirez et a l .  , . which are stated a s  being accurate within * 5%, are still 

a factor of two larger. Ramirez e t  al .  attributed the discrepancies between 

earlier theoretical results and their data to charge exchange. This is puzzling 

since the incident energy range is high enough s o  that charge exchange should 

be a small effect. It would be useful t o  extend the experiments for the heavier 

noble gases  to  higher incident energies in order to resolve these discrepancies. 
2 

Inspection of the second term in braces of Eq. 8 shows that 2mv /Il > 1 is a 

necessary condition. 

Table 1. Energy Straggling of Alpha Particles in- ~ k l i u m  ' 

FWHM, MeV 

Initial energy, Final energy , Bohr. . . Fano Exp . 
MeV MeV (Ref. 3 )  
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REVIEW OF CURRENT KNOWLEDGE OF IONIZATION YIELDS STOPPING POWER, 
AND RELATED QUANTITIES OF RADIOLOGICAL PHYSICS 

Mitio Inokuti 

Work s ince  1973 for the International Commission on Radiation Units 
and Measurements toward publication of two committee reports is outlined. A 
manuscript for a report on ionization yields has  recently been completed. 
Work on stopping powers and related quantities is in a n  init ial  s tage.  

In the  beginning of 1973, the International Commission on Radiation 

Units and Measurements (ICRU) created a Committee on W - Average Energy 

Required to Produce an  Ion Pair. A. Allisy (Bureau International des  Poids e t  

Mesures) was named the ICRU Sponsor, and H. Bichsel (U. of Washington) 

the Chairman. W. Boring (U. of Virginia), A.  E . S . Green (U. of Florida) , 

W. Gross  (Columbia U. , deceased in  1975), G. S. Hurst (Oak Ridge National 

Laboratory), M. Inokuti (Argonne National Laboratory), and D. W. Peirson 

(Atomic Energy Research Establishment, Harwell) were named members. 

The Committee met several  times (including a meeting on 14-17 October 

1976 a t  Argonne), reviewed all the experimental and theoretical material in  

the l i terature,  and produced, in early 1977, a manuscript with 162 typewritten 

pages of text and a bibliography. The text contains chapters on experimental 

methods, theory, gas  mixtures, W values for g a s e s ,  and ionization in  sol ids  

and l iquids.  Experlmental data  for g a s e s  are  thoroughly d iscussed ,  and some 

W values  are  recommended for u se  in  dosimetry. I took up the task of writing 

a major part of the chapter on theory and participated in  the editorial adjust-  

ment of the  whole text.  In August 1977, the ICRU approved, in  principle, 

the manuscript for publication after minor revisions.  

In the beginning of 1976, the ICRU called for the formation of another 

Committee, i. e. , Committee on Stopping Powers, and desiqnated M. J. Berger 

(National Bureau of Standards) a s  Chairman, and M. Inokuti (Argonne National 

Laboratory) as  Vice-Chairman. H. H. Andersen (U.  of Aarhus), H. Bichsel 

(U. of Wachingtnn) , J.  A.  Dennis (National Radiological Protection Board, 

Harwell) , D. Powers (Baylor U. ) , and J . E. Turner (Oak Ridge National 



~aboratory) were appointed members. 

o The Committee has developed plans' for a report which will include 
> 

data tabulption a s  well a s  chapters on theory, experiment, the dependence of - 0 

stopping power on physical aggregation and chemical combination effects , and 

relations of stoppi*g power to more detailed treatment of charged-particle 

transport in matter. Restricted stopping power, various ranges, straggling, 
. ' c :  

and degradation spec&a are among related quantities to  be treated. The 

discussion will deal with diverse charged particles , e .. g . , electrons, muons, 

pions, protons, deuterons, alpha particles,  and heavy ions. Target materials 

to  be considered include familiar gases  such a s  air ,  nitrogen, argon, methane, 

and carbon dioxide, liquids such as water, and solids such a s  soft t i ssues ,  

bones, plastics,  inorganic scintillator crystals, and selected metals. 



Mitio Inokuti 

I t  is instructive to  classify radiation-physics problems into two c l a s ses .  

C l a s s  I problems concern the fate of the incident radiation in its penetration 

through matter. These problems are ,  in principle, e a s y  to  study, both experi- 

mentally and theoretically. To obtain the stopping power of a material for a 

particle,  for ins tance ,  one merely measures the kinetic energy of the particle 

twice,  i. e .  , before it's entering a f i l m  of the material and after i t s  emerging 

from it. The famous Be the s topping-power theory uses  a theorem that s ays  that 

a certain average of the energy transfer from the particle t o  the material is 

independent of the electronic structure and thus bypasses  detailed knowledge 

of individual energy-transfer processes .  Indeed, much had been accomplished 

in the treatment of C l a s s  I problems twenty-five years ago ,  when the Radiation 

, Research Society was  formed. 

Problems of C las s  I1 concern the fate of matter that has  received energy 

from radiations. A l l  questions about radiation effects belong to this  c l a s s .  Here 

one must study the s ta te  of matter i n  a s  much detail  a s  required for the purpose. 

This study is much harder and a l so  richer than in C las s  I problems. The crea- 

tion of the Radiation Research Society marks the shift of attention from Class  I 

problems to C las s  I1 problems. 

Major events ,  including discoveries and important meetings, a re  shown 

in  Figure 1. In the center there is a time sca le .  To its le f t ,  major meetings 

a re  named. To its right, major scientific achievements a re  indicated. 

Full discussion of the chronology would explain the significance of 

these achievements,  a l l  initially in physics, and point out their impact on 

radiation research in general. The topics of discussion are  diverse,  and in 

the present summary only the following list of the topics may be  included. 

* 
:{Summary of an  invited speech presented a t  the Symposium on Historical Views 

and Perspectives in Radiation Research, 25th Annual Meeting of the Radiation 
Research Society, San Juan, Puerlu Rico, 8-12 May 1977. Publication of a 

, , full text of the speech is now being planned. 
* 



1. PENETRATION AND DIFFUSION OF RADIATIONS IN MATTER 

a .  General  Problems (Transport Theory and Monte-carlo Simulations) 

b .  Special  phenomena (Channeling and Blocking; Passage  of Molecular Species  Through Matter) 

c. Electron Degradation Spectra 

2 .  PIAIZMAN'S ANALYSIS OF THE PRIMARY ACTIVATION 

3 .  MOLECULAR PHYSICS AS A SOURCE OF DATA . 
a .  Vacuum Ultraviolet Spectroscopy 

b . Photoelectron Spectroscopy 

c . Electron Coll ision Studies 

d . Secondary-Electron Spectra 

e .  Mass Spectrometry 

f .  Close  Col l i s ions  between Atomic Par t ic les ,  o r  Intershell Penetration Phenomena 

g . Collective Excitation 

h .  Radiationless ,Transitions and Other Decays of Excited Molecules 

4 .  EXPERIMENTS ON THE KINETICS IN GASES UNDER IRRADIATION 

a .  The J e s s e  Effect 

b .  Hurs t ' s  Analysis of Enorgy Pathrv,&y s 

c. Laser Detection of Excited Species 

5. SPATIAL DISTRIBUTION OF THE ENERGY DELIVERY 

a .  The Origin of Interest  

b .  Microdosimetry; Stochastic Aspects of the Energy Delivery to  Small Volumes 

c. Track-Stmctute Analysis 

6 .  NEW INSTRUMENTATION 

a .  Pulse Radiolysis; Ini t ial  Work by Boag and Hart; Stroboscopic Method of Hunt 

b .  ESH and NMR 

c. Various Uses  of Lasers 

7 .  NEW RADlATION SOURCES 

a .  Electron Synchrotrons and Storage Rings, Useful for Molecular Spectroscopy and Structure 
Determination 

b.  Field Emission and Microscopy by C h a q e d  Particles 

c. Fas t  Neutrons ' 

d .  Heavy Ions 

e. Negative Pions 

8. EXTENDED GnaCS 

a .  Atmospheric Chemistry. Behavior of U ,  Pu, and Th Atoms and of Non-Nuclear Pollutants 

b. Design of New Lasers (Especially for Ultraviolet to  X-ray Ranges) 

c. Properties of MHD Plasmas 

d .  Contributions to  Fusion Research 



History a t t e s t s  to  the important role of physics a s  a component of 

radiation research. This role is twofold. First ,  work in  physics has  greatly 

enriched radiation research by providing new instrumentation, in a broad s e n s e  . 
Here, the instrumentation inciudes new radiation sources,  such a s  electron 

synchrotrons or storage rings for generation of far  ultraviolet and soft x-ray 

photons, and heavy-ion accelerators.  Another kind of instrumentation includes 

various devices for measuring radiation f ie lds ,  ' and,  more importantly, radia- 

tion effects.  This c l a s s  may ,be exemplified by ESR, now used extensively 

and routinely for the detection of free radicals ,  pulse-radiolysis absorption 

spectroscopy, photoelectron spectroscopy, scanning-electron microscopy, 

tunable-laser spectroscopy, and resonance-ionization spectroscopy. Second, 

and perhaps more important, a re  the contributions of physics to  the elucida- 

tion of elementary processes  in  the early s tages  of radiation action on matter. 

Many crucial concepts were generated in  this  area and have contributed greatly 

to  the bas i c  understanding of radiation-induced phenomena. Examples in  this 

category a re  plentiful; we  now recognize the importance of such concepts a s  

collective excitation, the subexcitation electrons,  the super-excited s t a t e s  

of molecules, and the degradation (or slowing down) spectra of particles 

under irradiation. 

The role of physics will continue to  grow in  these two areas .  It will 

a l s o  be  extended to respond to  needs of work in new areas closely related 

to  the traditional radiation research but which are  becoming more and more 

important because of the acute  necessi ty  of developing diverse energy tech- 

nologies. Physics will contribute greatly to  the study of atmospheric pol- 

lutants (both radioactive and nonradioactive), the development of new lasers  

t o  work a t  shorter and shorter wavelengths, the fusion-energy technology 

(both in ass i s t ing  its development and in  assess ing  its environmental and 

health impact), and the technology of efficient and sa.fe coal  burning 

(including magneto-hydrodynamic-power generation), to  name a few such 

areas .  
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Ion-molecule. reactions (Tal' rose and others) 

Bohm-Pines theory of plasma oscillations in metals 

Spencer-Fano theory of electron degradation 
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FIG. 1. --Chronology of Major Events of Interest to Radiation Physics. 
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